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GENERAL INTRODUCTION 
World consumption of fertilizer nitrogen (N) has increased at a phenomenal rate during the past 
30 years. It will continue to increase because the international need for food and fiber cannot be met 
without increased use of fertilizer N. This trend will result in increased levels of N in soils, natural waters, 
crop residues, and municipal and agricultural wastes, and there is international concern about its potential 
adverse effects on environmental quality and public health. Much of the extensive literature generated by 
this concern has been reviewed in spedal publications prepared by the National Academy of Sciences of 
the U.SA. (Committee on Nitrate Accumulation, 1972), the National Research Council (1978), and the 
Royal Society of London (1983). Briefly, the concern is that intensive use of fertilizer N will lead to in­
creased nitrate levels in ground and surface waters and that this in turn Wl lead to increased eutrophica-
tion of lakes and streams and to health hazards to livestock and humans (particularly infants) through 
nitrate enrichment of drinking water. Also, there is concern that excessive N fertilization will produce 
nitrate levels in vegetables and feed that are toxic to infants and livestock and may promote formation of 
cancer-producing nitrosamines in food (see Wolff and Wasserman, 1972; National Research Council, 
1978). 
Research on Urease Inhibitors 
The use of urea as a N fertilizer has increased dramatically during the past 20 years, and urea is 
now the most important fertilizer in world agriculture (Engelstad and Hauck, 1974; Beaton, 1978; Stangel, 
1984; Harre and White, 1985). There is a clear need, therefore, to find methods of reducing the problems 
encountered in the use of this fertilizer. These problems result largely from the rapid hydrolysis of urea 
to ammonia and carbon dioxide by soil urease (NHjCONHj + HjO > 2NHg + COj) and the 
concomitant rise in pH and accumulation of ammonium. They include damage to seeds, seedlings and 
young plants, nitrite and/or ammonia toxicity, and volatilization of urea N as ammonia (Gasser, 1964; 
Tomlinson, 1970). Gaseous loss of urea fertilizer N as ammonia is of particular concern, because it can 
exceed 50% of the N applied (Catchpoole, 1975; Terman, 1979). 
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One approach to reducing the problems associated with the use of urea as a fertilizer is to find 
compounds that will inhibit soil urease activity and thereby retard urea hydrolysis when applied to soil in 
conjunction with urea fertilizers. This approach has received considerable attention during the past 20 
years, and numerous compounds have been patented or proposed as inhibitors of urea hydrolysis in soil 
(Bremner and Douglas, 1971; Bremner and Mulvaney, 1978; Mulvaney and Bremner, 1981; Hauck, 1984, 
1985; Radel et al., 1988). Most of these compounds are not very effective, however, for inhibition of soil 
urease activity, and the only compounds that have shown significant promise are phosphoroamides such as 
iV-(n-butyl) thiophosphoric triamide (NBPT), phenylphosphorodiamidate (PPD), and thiophosphoryl 
triamide (TPTA) (Held et al., 1976; Martens and Bremner, 1984; Chai and Bremner, 1985; Bremner and 
Chai, 1986; Radel et al., 1988). 
Research on Nitrification Inhibitors 
Most of the fertilizer N added to soils is in the form of ammonium or ammonium-producing 
compounds such as urea. The oxidation of ammonium to nitrate by soil microorganisms (i.e., the process 
of nitrification in soil) has three important adverse effects on the fate of this fertilizer N. First, it 
promotes loss of fertilizer N by leaching because it converts a slowly leached, cationic form of N 
(ammonium) to ajreadily leached anionic form (nitrate). Second, it promotes gaseous loss of fertilizer N 
because it produces oxidized forms of N (nitrite and nitrate) that are susceptible to volatilization as 
dinitrogen (Nj) and nitrous oxide (N^O) by denitrifying microorganisms in soil. Third, it leads to 
pollution of surface and ground waters by fertilizer-derived nitrate. 
One of the most promising approaches to reducing the potential environmental problems associ­
ated with the use of N fertilizers and to increasing the recovery of fertilizer N by crops is to find com­
pounds that will effectively inhibit oxidation of ammonium to nitrate by the nitrifying microorganisms in 
soils. This approach has received considerable attention, and numerous compounds have been patented 
for inhibition of nitrification in soils. But most of these patented compounds are not very effective as soil 
nitrification inhibitors (Bundy and Bremner, 1973), and only nitrapyrin (N-Serve) and etridiazole (Dwell) 
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have gained significant acceptance. Researchers in the German Democratic Republic (Walter et al., 
1985) recently screened more than 25,000 compounds for inhibition of nitrification in soils and concluded 
that 3-methylpyrazole-l-carboxamide was the most promising of the compounds tested. Also, recent 
work by McCarty and Bremner (1986) indicated the several substituted acetylenes, notably 2-ethynyl-
pyridine, have potential value for inhibition of nitrification in soils. 
Explanation of Dissertation Format 
The first section of this dissertation L,-. entitled "Effects of M(n-butyl)thiophosphoric triamide on 
hydrolysis of urea by plant,  microbial ,  and soil  urease".  I t  reports evidence that N-(n-
butyl)thiophosphoric triamide (NBPT) is rapidly decomposed in soil to a compound that is much more 
effective than NBPT for inhibition of urease activity and that this compound is A^-(/t-butyl)phosphoryl 
triamide. This section has been accepted for publication in Biology and Fertility of Soils. 
The second section is entitled "Formation of phosphoryl triamide by decomposition of 
thiophosphoric triamide in soil". It reports evidence that thiophosphoryl triamide (TPTA) is rapidly 
decomposed in soil to a compound that is much more effective than TPTA for inhibition of urease activity 
and that this compound is phosphoryl triamide. This section has been accepted for publication in Biology 
and Fertility of Soils. 
The third section is entitled "Inhibition of plant and microbial ureases by phosphoroamides". It 
reports enzyme kinetic studies demonstrating that eight phosphoroamides studied are slow-binding or 
slow, tight-binding inhibitors of urease enyzmes. This section will be submitted for publication in Biology 
and Fertility of Soils. 
The fourth section is entitled "Evaluation of 2-ethynylpyridine as a soil nitrification inhibitor". It 
reports laboratory experiments to evaluate 2-ethynyIpyridine as a fertilizer amendment for retarding 
nitrification in soil. This section has been submitted for publication in Soil Science Society of America 
Journal. 
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The fifth section is entitled "Evaluation of 3-methylpyrazole-l-carboxamide as a soil nitriHcation 
inhibitor". It reports laboratory experiments to evaluate 3-methylpyrazole-l-carboxamide as a fertilizer 
amendment for retarding nitrification in soil. This section has been submitted for publication in Biology 
and Fertility of Soils. 
The sixth section is entitled "Laboratory evaluation of dicyandiamide as a soil nitrification 
inhibitor". It reports studies to evaluate dicyandiamide as a fertilizer amendment for inhibition of 
ammonium oxidation in soil. This section has been accepted for publication in Communications in Soil 
Science and Plant Analysis. 
The seventh section is entitled "Persistence of effects of nitrification inhibitors added to soils". It 
reports studies to assess the persistence of the effects of nitrification inhibitors added to soils and the 
effect of temperature on this persistence. This section has been submitted for publication in 
Communications in Soil Science and Plant Analysis. 
The eighth section is entitled "Inhibition of nitrification in soil by heterocyclic nitrogen 
compounds". It reports studies of the relationships between the structures of diverse heterocyclic nitrogen 
compounds and the effectiveness of these compounds for inhibition of nitrification in soil. This section 
has been accepted for publication in Biology and Fertility of Soils. 
All of the experiments reported in this dissertation were performed by the author. 
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PART I. EFFECTS OF A^-(n-BUTYL) THIOPHOSPHORIC TRIAMIDE ON HYDROLYSIS OF UREA 
BY PLANT, MICROBIAL, AND SOIL UREASE 
6 
INTRODUCTION 
The rapidly increasing importance of urea as a nitrogen fertilizer in world agriculture has 
emphasized the need for research to find methods of reducing the problems encountered in use of this 
fertilizer (Engelstad and Hauck, 1974; Beaton, 1978; Stangel, 1984; Harre and White, 1985). These 
problems result largely from the rapid hydrolysis of urea to ammonia and carbon dioxide by soil urease 
(NHjCONHj + HjO > 2NHg + COg) and the concomitant rise in pH and accumulation of ammonium. 
They include gaseous loss of urea N as ammonia, nitrite or ammonia toxicity or both, and damage to 
germinating seedlings and young plants (Gasser, 1964; Tomlinson, 1970). 
One approach to reducing the problems associated with the use of urea fertilizer is to find 
compounds that will inhibit urease activity and thereby retard urea hydrolysis when applied to soils in 
conjunction with the fertilizer. This approach has received considerable attention during the past decade, 
and many compounds have been patented or proposed as inhibitors of urea hydrolysis in soils (Mulvaney 
and Bremner, 1981; Hauck, 1984). Most of these compounds are not very effective, however, for 
inhibition of soil urease activity, and only phenylphosphorodiamidate (PPD) and N-(/:-butyl) 
thiophosphoric triamide (NBPT) have attracted significant attention. Recent work in our laboratory to 
compare these two compounds showed that NBPT is superior to PPD for retarding urea hydrolysis and 
reducing ammonia volatilization and nitrite accumulation in soils treated witii urea (Bremner and Chai, 
1986; 1989; Chai and Bremner, 1987). 
We report here the results of studies to compare the effects of NBPT and PPD on hydrolysis of 
urea by plant (jackbean), microbial (Bacillus pasteurii), and soil urease and to account for our findings in 
these studies. 
a range in 
crushed to 
by Zantua 
Soil Organic Sand Clay 
Series Subgroup pH C (%) (%) (%) 
Buckney Entic Hapludoll 8,3 0.7 80 6 
Storden Typic Udorthent 8.1 1.2 60 28 
Harps Typic CalciaquoU 7.8 4.2 13 41 
Nicollet Aquic Hapludoll 6.4 2.0 46 22 
Muscatine Aquic Hapludoll 6.4 2.3 5 28 
Sparta Entic Hapludoll 6.2 0,8 75 9 
Webster Typic Hapludoll 5.7 3.3 31 30 
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MATERIALS AND METHODS 
The soils used were surface (0-15 cm) samples of seven Iowa soils selected to obtain 
pH, texture, and organic-matter content (Table 1). Before use, each sample was air-dried and 
pass through a 2-mm screen. The analyses reported in Table 1 were performed as described 
and Bremner (1975). 
Table 1. Properties of soils used 
The plant [jackbean (Canivalia ensiformis)] and microbial {Bacillus pasteurii) ureases (urea 
amidohydrolase, EC 3.5.1.5) used were obtained from Sigma Chemical Co, St. Louis, MO. The THAM 
[2-amino-2-(hydroxymethyl)-l,3-propandiol] buffer (pH 7) used in experiments with these ureases was 
prepared just before use by addition of 2-mercaptoethanol (0.05 mM) and dithiothreitol (0.01 mM) to 0.1 
M THAM solution (pH 7) containing 1 mM EDTA (ethylenediaminetetraacetic acid). 
To study the effects of NBPT and PPD on urea hydrolysis by soil urease, 5-g samples of air-dried 
soU were placed in 125-mL glass bottles and treated with 2 mL water containing 10 mg urea and 50 jig of 
test compound. The bottles were stoppered and placed in an incubator at 30°C. After 7 and 14 days. 
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urea in the incubated soil samples was extracted with 2M KCl containing 5 ng mL"^ phenylmercuric 
acetate as described by Douglas and Bremner (1970) and determined by the colorimetric method 
described by Mulvaney and Bremner (1979). 
To study the effects of NBPT and PPD on urea hydrolysis by plant and microbial ureases, THAM 
buffer (8 mL) containing plant or microbial urease (0.02 nmol) was incubated at 30°C for 15 min after 
treatment with 1 mL THAM buffer containing 0, 0.01, 0.05, 0.1, 0.5, 1.0,10,100, or 1,000 of NBPT or 
PPD. One mL of THAM buffer containing 0.2 mmol urea was then added, and urease activity was 
assayed by using an NHg electrode (Orion Model 95-12) to measure the NH^ produced by hydrolysis of 
urea on incubation of this mixture at 30°C for 15 min (enzyme activity after 15 min was inhibited by addi­
tion of 20 mL of 0.05N H^SO^). 
The following procedure was used to study the effect of incubating NBPT solution with soil for 
various times on its ability to inhibit jackbean urease. One mL of a solution containing 0.3 fimdi mL"^ of 
NBPT was incubated with 0 or 0.5 g of soil at 30°C for various times and subsequently treated with 9 mL 
water, mixed, and filtered (membrane filter, 0.45 y). One mL of the filtrate and 1 mL of THAM buffer 
containing 0.2 mmol of urea were then added to 8 mL of THAM buffer containing 0.02 nmol jackbean 
urease, and urease activity was assayed by using an NHg electrode to measure the NH^ produced by 
hydrolysis of urea on incubation of this mixture at 30°C for 15 min (enzyme activity after 15 min was 
inhibited by addition of 20 mL of 0.05N H^SO^). 
Percentage inhibition of urea hydrolysis by the test compounds was calculated from (C-T)/C x 
100, where T = amount of urea hydrolyzed in the presence of the test compound and C = amount of urea 
hydrolyzed in the control (no test compound added). 
The products formed by decomposition of NBPT in soil were studied by ®^P NMR and FT-IR 
techniques. In these studies, 5-mL aliquots of NBPT solution (25 mM) were incubated under air or He 
with 3-g samples of air-dried Harps soil at 30°C for 0, 2, 4, or 6 days. The NBPT solution was then 
separated by filtering the soil suspension through a membrane filter (0.45 /i). Aliquots (2.5 mL) of the 
filtrate were treated with 0.25 mL DgO and analyzed on a 300-MHz NMR instrument (Bruker WM-300) 
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with broad-band proton decoupling (chemical shifts were measured relative to the signal from an external 
standard containing 85% phosphoric acid). Aliquots were also freeze-dried, and 1-mg samples of the 
residues from freeze drying were pelleted with KBr for infrared analysis by an FT-IR instrument (IBM 
IR-98). 
The following procedure was used to study the relationship between the peak area of the 
NMR signal from //-(n-butyl) phosphoric triamide in NBPT solutions incubated with soil for various times 
and the ability of these solutions to inhibit jackbean urease activity. Five-mL aliquots of NBPT solution 
(25 mM) were incubated with 3-g samples of Harps soil at 30°C for 0,2,4, or 6 days and filtered through a 
membrane filter (0.45/i). Aliquots (2.5 mL) of the filtrate were treated with 0.25 mL D^O and analyzed by 
a 300-MHz NMR instrument using 4,000 scans. Aliquots (0.002 mL) were also diluted to 1,000 mL, and 1 
mL of diluted aliquot was added to 8 mL THAM buffer containing 0.05 nmol jackbean urease. This 
mixture was then incubated at 30°C for 2 hours and treated with 1 mL THAM buffer containing 1.0 mmol 
urea. Urease activity was assayed by using an NHg electrode to measure the NH^ produced by hydrolysis 
of rjea on incubation of this mixture at 30°C for 5 min. 
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RESULTS AND DISCUSSION 
Comparison of the effects of NBPT and PPD on hydrolysis of urea by soil, plant, and microbial 
ureases showed that, whereas NBPT was considerably more effective than PPD for inhibiting hydrolysis of 
urea by soil urease (Table 2), it was much less effective than PPD for inhibiting hydrolysis of urea by plant 
or microbial urease (Table 3). 
Table 2. Effects of NBPT and PPD on hydrolysis of urea added to soils^ 
Compound 
Time of 
hydrolysis 
(days) 
Soil (% retardation of urea hydrolysis by compound) 
Buckney Harps Nicollet Muscatine Sparta Average 
NBPT 7 92 72 61 64 91 76 
PPD 7 41 0 45 21 89 39 
NBPT 14 91 22 10 4 69 39 
PPD 14 25 0 0 0 5 6 
®Five-gram samples of soil were incubated (30°C; 2 mL water) for 7 or 14 days after treatment 
with 10 mg urea and 50 ng of compound specified. 
These observations suggested that NBPT is decomposed in soil with formation of a compound 
that is much more effective than NBPT for inhibition of urease activity. This conclusion was supported by 
studies showing that, whereas the ability of NBPT solution to inhibit jackbean urease increased rapidly 
when the solution was incubated with ?oil, it did not increase when the solution was incubated in the 
absence of soil (Table 4). 
To identify the potent urease inhibitor formed by decomposition of NBPT in soil, we used ®^P 
NMR and FT-IR spectroscopy to analyze solutions of NBPT that had been incubated with Harps soil for 
various times. Fig. 1 shows the '^P NMR spectra of NBPT solutions after incubation with Harps soil for 
0, 2, 4, and 6 days. These spectra show that the NBPT solution before incubation produced only one 
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Table 3. Effects of NBPT and PPD on activity of plant (Jackbean) and microbial {Bacillus pasteurii) 
urease® 
Compound 
Amount added 
(ligmL*^) 
Urease 
Plant Microbial 
% Inhibition of urease activity 
NBPT 
PPD 
0.1 0 0 
1.0 3 2 
10.0 12 9 
100.0 56 33 
0.001 18 17 
0.005 57 54 
0.01 78 76 
0.05 94 89 
0.10 99 99 
^Plant or microbial urease (0.02 nmol) in pH 7 THAM buffer (10 mL) was incubated at 30°C for 
15 min after treatment with different amounts of NBPT or PPD. 
Table 4. Effect of incubating a solution of NBPT with different soils for various times on its ability to 
inhibit jackbean urease 
Time of incubating NBPT solution with soil (h) 
Soil Ô Ï 2 4 6 n Ï4 48 % 
% Inhibition of urease 
None (control) 9 8 7 8 7 8 9 9 8 
Buckney 4 40 42 53 62 71 89 92 97 
Storden 8 44 49 60 67 84 93 97 99 
Harps 12 67 77 84 84 94 97 98 99 
Muscatine 12 68 70 75 90 75 71 70 59 
Sparta 13 54 67 74 82 91 95 98 99 
Webster 14 68 73 78 78 80 71 62 51 
/ 
Day 6 
w k W < w  ^ w #  # / y « w i # # A » W f W » " w S y  
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Day 4 
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60.00 50.00 40.00 30.00 20.00 10.00 0.00 
PPM 
Fig. 1. NMR spectrum of NBPT solution (25 mM) after incubation of solution with Harps soil for 0,2,4, or 6 days 
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resonance signal (61.7 ppm), assignable to the P atom in NBPT, whereas it produced an additional 
resonance signal at 22.7 ppm after incubation with soil for 2, 4, and 6 days, and this signal intensified 
with increased time of incubation. This suggests that the 22.7 ppm signal was due to a compound 
formed by degradation of NBPT in soil. The chemical shift of this signal indicates that it is due to N-(tt-
butyl) phosphoric triamide formed by oxidation of NBPT in soil [C^HgNHPS(NHg)g > 
C^HgNHPO(NHg)g]. Support for this conclusion was provided by comparison of the ^^P NMR spectra 
of NBPT solutions that had been incubated with Harps soil in the presence and absence of oxygen 
because the 22.7 ppm signal was observed only after incubation in the presence of oxygen (Fig. 2). 
Additional support was obtained by comparison of the infrared spectra of the residues from freeze 
drying of NBPT solutions that had been incubated with Harps soil in the presence and absence of 
oxygen because a strong P=0 stretch signal was observed only after incubation in the presence of 
oxygen (Fig. 3). 
Further evidence that the inhibitory effect of NBPT on soil urease is due to A^-(n-butyl) 
phosphoric triamide formed by decomposition of NBPT in soil was provided by experiments showing that 
there was a very high correlation (R^ = 0.99) between the peak area of the ^^P NMR signal due to N-(n-
butyl) phosphoric triamide in NBPT solutions incubated with soil for various times and the ability of these 
solutions to inhibit jackbean urease activity (Table 5). 
Table 5. Relationship between peak area of the ^^P NMR signal from AA-(rt-butyl) phosphoric triamide 
In NBPT solutions Incubated with soil for various times and ability of solutions to inhibit 
jackbean urease activity 
Time of incubating NBPT Peak area of % Inhibition of 
solution with soil P NMR signal urease activity 
(days) (xlO®) by NBPT solution 
0 0 0 
2 48 3 
4 270 34 
6 536 78 
'vf t /rfV JW »T Y^Vmwvrnw^ <> ytASf • ^*s Wm"# "W*^' <i 
I I I I I I I I I I I I I I > I I I I I I I I [ I I I I I t I I I [ I I I I I t I 1 I I I I I I I I I I I I I I t I I I I I I I I I I I 
60.00 50.00 40.00 30.00 20.00 10.00 0.00 
PPM 
F!g. 2. NMR spectrum of NBPT solution (25 mM) after inculiation of solution vritli Harps soil for 6 days in the presence (A) or absence 
(B) of oxygen 
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Fig. 3. Infrared spectrum of residue from freeze-drying a solution of NBPT (25mM) after incubation of 
the solution with Harps soil for 6 days in the presence (A) or absence (B) of oxygen 
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SUMMARY 
Comparison of the effects of ^-(n-butyl) thiophosphoric triamide (NBPT) and phenylphos-
phorodiamidate (PPD) on hydrolysis of urea by plant (jackbean), microbial (Bacillus pasteurii), and soil 
urease showed that, whereas NBPT was considerably more effective than PPD for inhibiting hydrolysis of 
urea added to soil, it was much less effective than PPD for inhibiting hydrolysis of urea by plant or 
microbial urease. Studies to account for this observation indicated that NBPT is rapidly decomposed in 
soil to a compound that is much more effective than NBPT for inhibition of urease activity and that this 
compound is Ar-(n-butyl) phosphoric triamide. 
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PART II. FORMATION OF PHOSPHORYL TRIAMIDE BY DECOMPOSITION OF THIOPHOS-
PHORYL TRIAMIDE IN SOIL 
19 
INTRODUCTION 
The growing importance of urea fertilizer in world agriculture has stimulated research to find 
compounds that can be used as fertilizer amendments to retard hydrolysis of urea fertilizer in soil and 
thereby reduce ammonia volatilization and other problems resulting from the normally rapid conversion 
of urea to ammonia and carbon dioxide by soil urease (NHjCONHj + HgO > COj + 2NHg). 
Numerous compounds have been patented or proposed as fertilizer amendments for inhibition of soil 
urease activity, but most of these compounds are not very effective, and only phenylphosphorodiamidate 
(PPD), Ar-(«-butyl) thiophosphoric triamide (NBPT), and thiophosphoryl triamide (TPTA) have received 
significant attention (Mulvaney and Bremner, 1981; Hauck, 1984; Voss, 1984; Bremner and Chai, 1986; 
Chai and Bremner, 1987; Radel et al., 1988). 
Recent work in our laboratory (McCarty et al., 1989) showed that NBPT is considerably more 
effective than PPD for inhibiting hydrolysis of urea added to soil, but is much less effective than PPD for 
inhibiting hydrolysis of urea by plant or microbial urease. Research to account for this observation 
showed that NBPT is decomposed in soil with formation of a compound that is much more effective than 
NBPT for inhibition of urease activity, and studies using ®^P NMR and FT-IR indicated that this 
compound is 7V-(/i-butyl) phosphoric triamide. The purpose of the work reported here was to investigate 
the possibility that TPTA, which is structurally similar to NBPT, may be decomposed in soil with 
formation of phosphoryl triamide (PTA) and that this decomposition product may be responsible for the 
inhibitory effect of TPTA on soil urease activity. 
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MATERIALS AND METHODS 
The soils used were surface (0-15 cm) samples of three Iowa soils selected to obtain a range in 
pH, texture, and organic-matter content (Table 1). Before use, each sample was air-dried and crushed to 
pass through a 2-mm screen. The analyses reported in Table 1 were performed as described by Zantua 
and Bremner (1975). 
Table 1. Properties of soils used 
SoU Organic Sand Clay 
Series Subgroup pH C(%) (%) (%) 
Storden Typic Udorthent 8.1 1.2 60 28 
Harps Typic Calciaquoll 7.8 4.2 13 41 
Sparta Entic HapludoU 6.2 0.8 75 9 
Thiophosphoryl triamide and phosphoric triamide were provided by the National Fertilizer 
Development Center, Tennessee Valley Authority, Muscle Shoals, AL. Jackbean {Canivalia ensiformis) 
urease (urea amidohydrolase, EC 3.5.1.5) was obtained from Sigma Chemical Co, St. Louis, MO. The 
THAM [2-amino-2-(hydroxymethyl)-l,3-propandiol] buffer (pH 7) used in experiments with this enzyme 
was prepared just before use by addition of 2-mercaptoethanol (0.05 mM) and dithiothreitol (0.01 mM) 
to O.IM THAM solution (pH 7) containing 1 mM EDTA (ethylenediaminetetraacetic acid). 
To study the effects of TPTA and PTA on urea hydrolysis by jackbean urease, THAM buffer (8 
mL) containing urease (0.02 nmol) was incubated at 30°C for 60 min after treatment with 1 mL THAM 
buffer containing 0, 0.1, 0.5,1.0, 5.0,10.0,100, or 500 nmol of TPTA or PTA. One mL of THAM buffer 
containing 0.2 mmol urea was then added, and urease activity was assayed by using an NHg electrode 
(Orion Model 95-12) to measure the NH^ produced by hydrolysis of urea on incubation of this mixture at 
30°C for 15 min (enzyme activity after 15 min was inhibited by addition of 20 mL of 0.05N HjSO^). 
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The following procedure was used to study the effect of incubating TPTA solution with soil for 
various times on its ability to inhibit jackbean urease. One mL of a solution containing 0.10 /imol mL"^ of 
TPTA was incubated with 0 or 0.5 g of soil at 30°C for various times and subsequently treated with 99 mL 
water, mixed, and filtered (membrane filter, 0.45 /x). One mL of the filtrate and 1 mL of THAM buffer 
containing 0.2 mmol of urea were then added to 8 mL of THAM buffer containing 0.02 nmol jackbean 
urease, and urease activity was assayed by using an NHg electrode to measure the NH^ produced by 
hydrolysis of urea on incubation of this mixture at 30°C for 15 min (enzyme activity after 15 min was 
inhibited by addition of 20 mL of 0.05N H^SO^). 
Percentage inhibition of urea hydrolysis by the test compounds was calculated from (C-T)/C x 
100, where T = amount of urea hydrolyzed in the presence of the test compound and C = amount of urea 
hydrolyzed in the control (no test compound added). 
The products formed by decomposition of TPTA in soil were studied by ®^P NMR spectroscopy. 
In these studies, 5-mL aliquots of TPTA solution (25 mM) were incubated with 3-g samples of air-dried 
Harps soil at 30°C for 0, 2, 4, or 6 days. The TPTA solution was then separated by filtering the soil sus­
pension through a membrane filter (0.45 /x). Aliquots (2.5 mL) of the filtrate were treated wth 0.25 mL 
DjO and analyzed on a 300-MHz NMR instrument (Bruker WM-300) with broad-band proton decoupling 
(chemical shifts were measured relative to the signal from an external standard containing 85% phos­
phoric acid). 
22 
RESULTS AND DISCUSSION 
Table 2 shows the effect of incubating a solution of TPTA with different soils for various times 
on its ability to inhibit jackbean urease. The data reported show that, whereas the ability of the TPTA 
solution to inhibit jackbean urease activity was very small and did not change significantly when the 
solution was incubated for 24 hours in the absence of soil, it increased very markedly when the solution 
was incubated for 24 hours in the presence of soil. 
Previous work in our laboratory (McCarty et al., 1989) showed that the ability of NBPT solution 
to inhibit jackbean urease increased markedly when the solution was incubated with soil and that this 
increase was due to decomposition of NBPT in soil with formation of Ar-(n-butyl) phosphoric triamide 
[C^HgNHPS(NHg)2 > C^HgNHPO(NHg)2], which is much more effective than NBPT for inhibition of 
urease activity. This suggested that the increased ability of TPTA solutions to inhibit jackbean urease 
activity after incubation with soil may be due to degradation of TPTA in soil with formation of phosphoryl 
triamide (PTA) [PS(NH2)g > PO(NHg)g]. To investigate this possibility, we compared the effects of 
TPTA and PTA on the activity of jackbean urease. The results (Table 3) showed that, whereas TPTA 
had very little inhibitory effect on jackbean urease activity when its concentration was as high as 50 nmol 
mL"^, PTA significantly inhibited urease activity when its concentration was as low as 0.05 nmol mL"^. 
This supports our conclusion that TPTA is decomposed in soil with formation of a much more potent 
urease inhibitor, namely PTA. 
Table 2. Eflect of incubating a solution of TPTA with diflierent soils for various times on its ability to 
inhibit jackbean urease 
Time of incubating TPTA solution with soil (h) 
Soil Ô 2 4 6 Ï2 W 
% Inhibition of urease 
None (control) 2 3 4 3 4 4 
Storden 0 16 26 31 49 73 
Harps 2 40 45 54 62 80 
Spf-'ta 0 19 30 38 • 45 71 
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Table 3. Effects of TPTA and PTA on activity of Jackbean urease 
Amount added % Inhibition of 
Compound (nmol mL"^) urease activity 
TPTA 0.1 0 
0.5 0 
1.0 2 
10.0 4 
50.0 6 
PTA 0.01 3 
0.05 24 
0.10 47 
0.50 91 
1.00 97 
To detect formation of PTA by decomposition of TPTA in soil, we used ®^P NMR spectroscopy 
to analyze solutions of TPTA that had been incubated with Harps soil for various times. Fig. 1 shows the 
'^P NMR spectra of TPTA solutions after incubation with Harps soil for 0, 2, 4, and 6 days. These 
spectra show that, whereas the TPTA solution produced only one resonance signal (5p61.1 ppm, 
assignable to the P atom in TPTA) before incubation with soil, it produced an additional resonance signal 
at £p22.8 ppm after incubation with soil for 2,4, and 6 days, and this signal intensified with increased time 
of incubation. The chemical shift for this signal (Sp22.8 ppm) indicated that it was due to PTA because it 
was identical to that produced by an authentic sample of PTA and was in good agreement with the 
chemical shift previously reported for this compound (Nielsen et al., 1964). 
Additional evidence that the inhibitory effect of TPTA on soil urease activity is largely due to 
PTA formed by decomposition of TPTA in soil was provided by experiments showing that there was a 
very high correlation (R^ = 0.99) between the peak area of the ^^P NMR signal due to PTA in TPTA 
solutions incubated with soil for various times and the ability of these solutions to inhibit jackbean urease 
activity (Table 4). 
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Fig. 1. NMR spectrum of TPTA solution (25 mM) after incubation of solution witii Harps soil for 0, 
2,4, or 6 days 
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Table 4. Relationship between peak area of the NMR signal from FTA (£p22.8 ppm) in TPTA 
solutions incubated with soil for various times and ability of solutions to inhibit jackbean 
urease activity® 
Time of incubating TPTA 
solution with soil 
(days) 
Peak area of 
P NMR signal 
(xlO®) 
% Inhibition of 
urease activity 
by TPTA solution 
0 0 1.7 
2 2.8 12.3 
4 8.0 26.6 
6 16.1 56.4 
®Five-mL aliquots of TPTA solution (25 mM) were incubated with 3-g samples of Harps soil at 
30°C for 0, 2, 4, or 6 days and filtered through a membrane filter (0.45 n). Aliquots (2.5 mL) of the 
filtrate were treated with 0.25 mL D^O and analyzed by a 300-MHz NMR instrument using 4,000 scans. 
Aliquots (0.005 mL) were also diluted to 1,000 mL, and 1 mL of diluted aliquot was added to 8 mL 
THAM buffer containing 0.05 nmol jackbean urease. This mixture was then incubated at 30°C for 2 
hours and treated with 1 mL THAM buffer containing 1.0 mmol urea. Urease activity was assayed by 
using an NHg electrode to measure the NH^ produced by hydrolysis of urea on incubation of this mixture 
at 30°C for 5 min. 
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SUMMARY 
Thiophosphoryl triamide (TPTA) inhibits soil urease activity when added to soil and is under 
consideration as a fertilizer amendment for retarding hydrolysis of urea fertilizer by soil urease. Work 
reported showed that this compound is a poor inhibitor of jackbean urease and that its ability to retard 
soil urease activity is due to its decomposition in soil with formation of phosphoryl triamide (PTA), which 
is a potent inhibitor of urease activity. This conclusion was supported by studies showing that there was a 
close relationship between the peak area of the NMR signal from PTA in TPTA solutions that had 
been incubated with soil for various times and the ability of these solutions to inhibit jackbean urease 
activity. 
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PART III. INHIBITION OF PLANT AND MICROBLU. UREASES BY PHOSPHOROAMIDES 
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INTRODUCTION 
The rapidly increasing importance of urea as a nitrogen fertilizer in world agriculture has 
emphasized the need for research to find methods of reducing the problems encountered in use of this 
fertilizer (Engelstad and Hauck, 1974; Beaton, 1978; Stangel, 1984; Harre and White, 1985). These 
problems result largely from the rapid hydrolysis of urea to ammonia and carbon dioxide by soil urease 
(NHjCONHj + HjO > 2NHg + COj) and the resulting rise in pH and accumulation of ammonium. 
They include gaseous loss of urea N as ammonia, nitrite or ammonia toxicity or both, and damage to 
germinating seeds, seedlings, and young plants (Gasser, 1964; Tomlinson, 1970). 
One approach to reducing the problems associated with the use of urea fertilizer is to find 
compounds that will inhibit urease activity and thereby retard urea hydrolysis when applied to soils in 
conjunction with the fertilizer. This approach has received considerable attention over the past decade, 
and numerous compounds have been patented or proposed as inhibitors of urea hydrolysis in soil 
(Mulvaney and Bremner, 1981; Hauck, 1984). Most of these compounds are not very effective, however, 
for inhibition of soil urease activity, and the only compounds that have shown significant promise are 
phosphoroamides such as phenylphosphorodiamidate (PPD) (Held et al., 1976; Martens and Bremner, 
1984; Radel et al., 1988). Little information is currently available, however, concerning the kinetics of 
inhibition of urease enzymes by phosphoroamides or the influence of the urease source on the 
effectiveness of these compounds for inhibition of urea hydrolysis. We report here the results of enzyme 
kinetic studies of the inhibition of plant (jackbean) and microbial (Bacillus pasteurli) ureases by eight 
phosphoroamides. 
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MATERIALS AND METHODS 
Materials 
The plant (jackbean, Canivalia ensiformis) and microbial {Bacillus pasteurii) ureases (urea 
amidohydrolase, EC 3.5.1.5) used were obtained from Sigma Chemical Co., St. Louis, MO. The names 
and sources of the eight phosphoroamides studied are reported in Table 1. The chemical structures of 
these compounds are shown in Fig. 1. 
Table 1. Phosphoroamides studied 
Compound 
No. Name Source^ 
1 Phenylphosphorodiamidate A 
2 4-Chlorophenylphosphorodiamidate B 
3 Phosphoric triamide B 
4 A^-(4-Nitrophenyl)phosphoric triamide C 
5 4-ChloroW-(diaminophosphinyl)benzamide C 
6 Af-(Diaminophosphinyl)benzeneacetamide C 
7 A^-(Diaminophosphinyl)-3-pyridinecarboxamide- C 
8 N-(Dlaminophosphinyl)benzamide C 
®A, K & K Labs Division, ICN Pharmaceuticals, Plainview, NY; B, National Fertilizer 
Development Center, Tennessee Valley Authority, Muscle Shoals, AL; C, Norwich Eaton Pharmaceticals, 
Norwich, NY. 
Enzyme Assays 
Unless otherwise specified, enzyme assays were performed in pH 7.0 THAM buffer maintained at 
30°C, the buffer being prepared immediately before use by addition of 2-mercaptoethanol (0.1 mM) to 0.1 
Fig. 1. Structures of compounds studied. Number in parentheses under each compound is the 
compound number listed in Table 1 
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M THAM solution containing 1 mM EDTA (ethylenediaminetetraacetic acid). An ammonia electrode 
(Orion Model 95-12) was used to measure the NH^ produced by en^matic hydrolysis of urea. 
Steady-State Kinetic Studies 
For the assays used to obtain data for Ackermann-Potter plots (Cha, 1975), conditions of 
equilibrium for emgme-inhibitor interactions were established by preincubation of THAM buffer (pH 7.0) 
containing different concentrations of the plant urease and 0,1.5, 3.0, or 4.5 nM phenylphosphorodiamidate 
(PPD) or 4-chlorophenylphosphorodiamidate (4C1-PPD) for 2.5 hours. Enzyme assays were then initiated 
by addition of 100 mM urea, and the amount of NH^ produced by urea hydrolysis was measured after 
incubation at 30°C for 5 minutes. 
To determine the molar concentration of urease active sites by titration with PPD, solutions of 
the plant or microbial urease were preincubated for 5 minutes with 0, 50, 100, 200, or 250 nM PPD. 
Aliquots (0.1 mL) of these enzyme-inhibitor mixtures were then assayed for residual urease activity by 
addition to 10 mL THAM buffer (pH 7.0) containing 100 mM urea and subsequent measurement of the 
amount of NH^ produced by urea hydrolysis after incubation for 2 minutes. 
Progress-Curve Studies 
To study the inhibition of ureases by phosphoroamides, progress-curve assays were initiated by 
addition of urease (0.1 nM) to THAM buffer containing 100 mM urea and different concentrations of 
inhibitor. Aliquots (3 mL) of the assay mixtures were taken periodically during incubations for 
measurement of the amount of NHj" produced. The assays with the plant urease were performed for 10 
hours and those with the bacterial urease were performed for 6 hours. The phosphoroamide 
concentrations used in these experiments are reported in Table 2. 
For progress-curve studies of recovery of the activity of ureases inhibited by phosphoroamides, 
enzyme-inhibitor mixtures were prepared by preincubation of 400 nM inhibitor with 100 nM urease in 
THAM buffer for 30 minutes. To start progress-curve assays, aliquots (0.025 mL) of each mixture were 
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Table 2. Ranges of inhibitor concentration used for progress-curve assays initiated by addition of the 
plant or microbial urease to THAM buffer containing urea and the inhibitor 
Range of inhibitor concentrations used 
Inhibitor Plant Microbial 
No. Name urease urease 
nM 
1 Phenylphosphorodiamidate 10- 80 5- 40 
2 4-Chlorophenylphosphorodiamidate 5- 40 5- 40 
3 Phosphoryl triamide 100- 800 200- 1600 
4 JV-(4-Nitrophenyl)phosphoric triamide 200- 1600 200- 1600 
5 4-Chloro-N-(diaminophosphinyl)benzamide 100- 800 100- 800 
6 JV-(Diaminophosphinyl)benzeneacetamide 100- 800 100- 800 
7 A^(Diaminophosphinyl)-3-pyridinecarboxamide 100- 800 200- 1600 
8 N- (Diaminophosphinyl)benzamide 100- 800 100- 800 
added to 200 mL THAM buffer (0.1 M) containing 1.0 mM 2-mercaptoethanol, 1.0 mM EDTA, and 250 
mM urea. Three-mL aliquots of this reaction mixture were taken periodically during incubation for 
measurement of the amount of NH^ produced by urea hydrolysis. The assays with the plant urease were 
performed for 36 hours and those with the bacterial urease were performed for 5 hours. 
Determination of 
To study the time-dependent inactivation of urease by phosphoroamides and estimate the 
associated rate constant (k^^), THAM buffer containing urease (0.5 nM) was treated with different 
amounts of inhibitor and incubated at 30°C for various times. Enzyme assays of these mixtures were then 
initiated by addition of 100 mM urea, and aliquots of the reaction mixtures were taken at 20 second 
intervals over 2 minutes for determination of the NH^ produced by urea hydrolysis. 
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THEORY AND DATA ANALYSIS 
The kinetic theory for enzyme inhibition by slow-binding and slow, tight-binding inhibitors has 
been recently reviewed (Morrison and Walsh, 1988). This theory accounts for time-dependent inhibition 
by one of two basic mechanisms (Scheme 1, mechanisms A and B). For mechanism A, the time-
dependent onset of inhibition is due to a slow rate of binding between the inhibitor and enzyme with 
direct formation of a tightly bound enzyme-inhibitor complex (E I*). For mechanism B, the time 
dependence is due to a slow isomerization reaction between a loosely bound enzyme-inhibitor complex 
(E I) and the tightly bound El , Many reported studies of inhibitors with slow-binding characteristics 
have prodded support for the validity of these mechanisms (for review, see Morrison and Walsh, 1988), 
There is accumulating evidence, however, for the hypothesis that most, if not all, of the slow-binding and 
slow, tight-binding inhibitions occur in accordance with mechanism B. The inhibitors that seem to follow 
mechanism A can be considered a subset of the inhibitors that follow mechanism B, in which the 
isomerization reaction is very rapid and can be difficult to measure by kinetic analysis (Morrison and 
Walsh, 1988). 
kon 
I  +  E  ;  E - I *  
koff 
S low 
Mechanism A 
kl kg 
I  +  E  ;  E ' l  ;  E ' T  
kg k^ 
Slow 
Mechanism B 
Scheme 1. Basic mechanisms that account for the slow-binding and slow, tight-binding inhibition of 
enzymes 
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Reviews of the literature concerning slow-binding and slow, tight-binding inhibitors (Williams and 
Morrison, 1979; Morrison and Walsh, 1988) provide detailed examinations of the general kinetic theory 
for time-dependent inhibition of enzyme activity and present derivations of the various equations used to 
analyze the data for the studies reported here. 
Analyses of Steady-State Kinetics 
Equilibrium conditions for mixtures of enzyme and inhibitor with slow-binding character may be 
achieved by preincubation of such mixtures before initiation of assays by addition of substrate (Cha, 
1975). Analyses of the steady-state velocity data obtained for tight-binding inhibitors under such 
conditions with varying amounts of total enzyme (Ej) and inhibitor (Ij.) can be used to obtain estimates 
for the dissociation constant of the inhibitor-enzyme complex (Ki*). For such purposes the data can be 
fitted to the following equation: 
V = l/2R{[(Ki* + \ ® - (Ki* + 1^ - E,)} Eq. (1) 
where v represents the observed steady-state velocities, and R denotes the reciprocal of the steady-state 
velocity in the absence of inhibitor. 
Analyses of Progress-Curve Data 
Analyses of progfess-curve data obtained for slow-binding and slow, tight-binding inhibitors have 
been found to be useful in kinetic studies of these inhibitors (Morrison and Walsh, 1988). The progress 
curves for enzyme inhibition are described by the following equation: 
P = t - (v^ - vj [1 - exp(-k^pp t)]/k^pp Eq. (2) 
where P is the amount of product accumulated at time t after initiation of enzyme-substrate interaction, v^ 
is the initial velocity of this interaction, v^ is the steady-state velocity, and k^^^ is the apparent first-order 
rate constant. The validity of Eq. (2) depends on the experimental condition that there was no significant 
reduction in free inhibitor concentration. For tight-binding inhibitors, this condition can be maintained by 
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use of relatively high substrate concentrations that permit the use of inhibitor concentrations that are 
substantially greater than that of the enzyme. 
An estimate of the dissociation constant Ki (kj/kj) for the loosely bound enzyme-inhibitor 
complex (E I) associated with mechanism B can be obtained by fitting the estimates of obtained from 
Eq. (2) into the following equation; 
^ E,.(3) 
K^(l + I/Ki) + S 
where is the maximum velocity, S is the substrate concentration, is the Michaelis-Menten 
constant for the substrate, and I is the inhibitor concentration. When no significant change in v^ is 
observed over the range of inhibitor concentrations used, mechanism A provides a good description for 
the enzyme-inhibitor interaction because this observation indicates that there was no significant 
accumulation of the loosely bound enzyme-inhibitor complex (E I) associated with mechanism B. 
An estimate of the overall dissociation constant (Ki ) for the tightly bound enzyme-inhibitor 
complex (E'l ) can be obtained by fitting the estimates for v^ obtained from Eq. (2) into the following 
equation: 
V. ^ E,.(4) 
K (1 + I/Ki) + S 
When the rate at which an inhibitor dissociates from the enzyme-inhibitor complex Is very slow 
and becomes insignificant over the time course of an incubation, the equation for the apparent first-order 
rate constant for enzyme inactivatlon (k^^^) becomes for mechanism A; 
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and for mechanism B: 
kgl 
Kpp = Eq.(6) 
Ki(l + S/KJ + I 
Eq. (5) predicts that for enzyme-inhibitor interactions conforming to mechanism A, the double reciprocal 
plots of 1/kgpp versus l/I would be linear and pass through the origin, whereas Eq, (6) predicts that 
similar plots for the interactions conforming to mechanism B would have nonzero y-intercepts equal to 
1/kg (Morrison and Walsh, 1988). 
Measurement 
For estimation of k^^ for enzyme-inhibitor interactions conforming to mechanism A, enzyme-
inhibitor mixtures can be incubated for different times in the absence of substrate, and enzyme assays can 
then be initiated by addition of substrate and subsequent measurement of enzyme activity. The data 
obtained from such incubations can be analyzed to obtain estimates of a pseudo first-order rate constant 
(k^pp) for inactivation of enzyme by use of the following equation: 
E/E„ = -exp(k^pp t) Eq. (7) 
where E/E^ is the portion of enzyme activity remaining at time t after initiation of incubation. Estimates 
for k^^ can then be evaluated by use of the following equation; 
k.. - E,.(8) 
Data Analysis 
Statistical analysis of data obtained was performed by SAS programs (SAS Institute Inc., Gary, 
NC), the data being fitted to equations 1-8 using SAS procedures designed for least-squares fitting to 
linear and nonlinear equations. 
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RESULTS AND DISCUSSION 
A preliminary investigation of the kinetics of inhibition of the plant (jackbean) and microbial 
(Bacillus pas(eurii) ureases by the eight phosphoroamides studied showed that the onset of inhibition by 
these compounds was time dependent, indicating that the kinetic data obtained &om such experiments 
could not be fitted to the steady-state, Michaelis-Menten kinetic models developed for classical enzyme 
inhibitors. Moreover, these experiments showed that some of the phosphoroamides studied were 
extremely potent inhibitors of urease. For example, it was observed that phenylphosphorodiamidate 
(PPD) and 4-chlorophenylphosphorodiamidate (4C1-PPD) inhibited urease even when the molar 
concentrations of these compounds were comparable to that of the urease. Under such conditions, the 
concentration of free inhibitor decreases significantly, thereby violating an assumption made in kinetic 
models for classical inhibitors that concentrations of free inhibitor remain constant. It was evident from 
these preliminary experiments that the classical Michaelis-Menten kinetic models were not suitable for 
analyses of the kinetics of inhibition of urease by phosphoroamides. 
The time dependence for the inhibition of ureases by phosphoroamides and the tight-binding 
properties of some of these compounds indicated that phosphoroamides have the characteristics of slow-
binding and slow, tight-binding inhibitors. Morrison (1982) proposed criteria for the classification of such 
inhibitors. Under his classifîcation, slow-binding inhibitors exhibit slow rates of enzyme-inhibitor complex 
formation and significant inhibition occurs only when the molar concentration of inhibitor is considerably 
greater than that of enzyme, whereas slow, tight-binding inhibitors exhibit slow rates of enzyme-inhibitor 
complex formation but cause significant inhibition even when the molar concentration of the inhibitor is 
not significantly greater than that of the enzyme. 
To study the kinetics of the inhibition of urease by phosphoroamides, we employed the kinetic 
models that have been developed over the past IS years for measurement of the kinetic parameters for 
inhibition of enzymes by slow-binding and slow, tight-binding inhibitors (Cha, 1975; Williams and 
Morrison, 1979; Morrison and Walsh, 1988). 
39 
Equilibrium conditions for mixtures of enzyme and inhibitor with slow-binding characteristics 
can be obtained by preincubation of such mixtures for sufficiently long periods of time (Cha, 1975). 
Preliminary experiments showed that preincubation of mixtures of the plant urease and PPD or 4C1-PPD 
for 2.5 hours permitted good approximation of steady-state conditions. Fig. 2a shows Ackermann-Potter 
plots of the steady-state velocities obtained after preincubation of different concentrations of the plant 
urease with 0,1.5,3.0, or 4.5 nM PPD, and Fig. 2b shows the corresponding plots obtained with 4C1-PPD. 
The markedly curvilinear data plots obtained when incubations were performed in the presence of 
different concentrations of PPD or 4C1-PPD showed that these compounds are strong, tight-binding 
inhibitors of urease because these nonlinear relationships could only occur when the total inhibitor 
concentration is comparable to that of enzyme and therefore are indicative of inhibitors with tight-binding 
characteristics (Williams and Morrison, 1979). 
The data in Fig. 2 were fitted to Eq. (1) to obtain estimates for the overall dissociation constants 
(Ki ) of E I complexes. The estimates of Ki* for PPD and 4C1-PPD were 0.17 and 0.044 nM, 
respectively. In other words, the binding strength of the CI substituted PPD was approximately four times 
that of the unsubstituted PPD. 
The tight-binding properties of PPD provided a convenient method for determination of the 
molar concentrations of active sites for plant and microbial urease solutions by titration of the active sites 
with PPD. Fig. 3 shows the linear relationships observed between the decreased rate of urea hydrolysis 
with increased concentrations of PPD. The results of these experiments showed that both urease 
solutions had active site concentrations of approximately 300 nM. 
The analysis of progress curves has been found to be useful for kinetic studies of slow-binding 
and slow, tight-binding inhibitors of enzymes (Morrison and Walsh, 1988). Progress curves of the 
inhibition of urease by phosphoroamides were analyzed by fitting the data to Eq. (2) for estimation of the 
initial velocity (v^), the apparent rate constant (k^pp), and the steady-state velocity (v^). The progress-
curve data reported here were obtained by two different experimental procedures, incubations in one 
being initiated by addition of enzyme to THAM buffer containing inhibitor and urea, and incubations in 
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Fig. 2. Ackermann-Potter plots for inhibition of plant urease by PPD (a) or 4CI-PPD (b). Equilibrium for the en^me-inhibitor interactions 
was obtained by preincubation (2.5 h, 30°C) of different concentrations of the plant urease with 0,1.5,3.0, or 45 nM inhibitor in THAM 
buffer (pH 7.0), and assays were subsequently initiated by addition of urea (100 mM). Lines connecting data points are those predicted 
by fitting experimental data to Eq. (1) 
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Fig. 3. Determination of the molar concentration of urease active sites by titration of the plant (a) or microbial (b) urease with PPD. Urease 
solutions were preincubated (5 min, 30°C) with 0,50,100,150, 200, or 250 nM PPD, and assays for residual en^me activities were then 
initiated by adding aliquots (0.1 mL) of these solutions to W mL THAM buffer (pH 7.0) containing 100 mM urea. The concentration of 
urease active sites in the uninhibited enzyme solution is gven by the intercept of each line with the abscissa 
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the other being initiated by dilution of an enzyme-inhibitor mixture into THAM buffer containing urea. 
The inhibitor concentrations and lengths of incubation for the various progress-curve experiments were 
adjusted so that a steady-state velocity for the reaction mixture was obtained within the time frame of that 
incubation because it was found that good estimates of parameters could be obtained only when steady-
state velocities had been achieved. 
Fig. 4 shows examples of the progress curves obtained with incubations initiated by addition of the 
plant (a) or microbial (b) urease to THAM buffer (pH 7.0) containing 100 mM urea and different 
concentrations of inhibitor. These curves show the slow onset of inhibition of ureases by PPD and 
achievement of steady-state velocities within a few hours. Similar progress curves were obtained with the 
other phosphoroamides studied with adjustments of the range of inhibitor concentrations used as shown in 
Table 2. 
The analyses of the progress-curve data by Eq. (2) showed that there were no significant 
decreases in initial velocities (v^) for the plant or microbial urease when the inhibitor concentrations were 
increased for the eight phosphoroamides tested. The constant initial velocity showed that the 
concentrations of a loosely bound enzyme-inhibitor complex (E I) were not significant, indicating that 
mechanism A (Scheme 1) was approximated with the concentrations of inhibitors used in these 
experiments. By contrast, the steady-state velocities for the plant and microbial ureases decreased with 
increasing inhibitor concentrations. Fig. 5 shows Dixon plots for the effects of different concentrations of 
PPD on steady-state velocities (v^) for progress curves in Fig. 4. The linear relationships obtained in 
these plots are predicted by Eq. (4) and indicated that this equation provided a good description of the 
data. Estimates of the overall dissociation constants (Ki ) for the enzyme-inhibitor complexes (E'l ) 
formed by the interactions of the plant and microbial ureases with phosphoroamides were obtained by 
fitting the steady-state velocity data to Eq. (4), and these estimates are presented in Table 3. 
The estimates of Ki for interaction of PPD and 4C1-PPD with the plant urease obtained from 
analyses of progress-curve data (Table 3) are in good agreement with the corresponding values obtained 
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Fig. 4. Progress curves illustrating the slow onset of inhibition of the plant (a) or microbial (b) urease by PPD. Assays were initiated by 
addition of enzyme (0.1 nM) to THAM buffer (pH 7.0) containing 0 (control), 5,10, 20, 40, or 80 nM PPD and 100 mM urea. Lines 
connecting data points are those predicted by fitting experimental data to Eq. (2) 
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Fig. 5. Dixon plots of the effects of different concentrations of PPD on steady-state velocities (Vg) of enzyme-substrate interactions initiated 
by tbe addition of the plant (a) or microbial (b) urease to THAM buffer containing 100 mM urea. Steady-state velocities were 
determined by fitting the progress-curve data in Fig. 4 to Eq. (4) 
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from analyses of the Ackermana-Potter plots shown in Fig. 2. Comparison of the estimates for Ki* 
obtained for the interactions of the phosphoroamide inhibitors with the plant and microbial ureases in pH 
7.0 buffer (Table 3) showed that these inhibitors differed markedly in their affinity for urease and that the 
strengths of their interaction with the plant urease were much greater than the corresponding strengths 
with the microbial urease. 
Table 3. Dissociation constants (Ki*) of the enzyme-inhibitor complexes (E'l*) formed by interaction 
of the plant and microbial ureases with phosphoroamide inhibitors (pH 7.0 THAM buffer) 
Plant Microbial 
urease^ urease^ 
X lor* M 
1 Phenylphosphorodiamidate 0.16 (0.0039) 0.6 (0.014) 
2 4-Chlorophenylphosphorodiamidate 0.041 (0.00064) 0.35 (0.017) 
3 Phosphoryl triamide 2.44 (0.010) 32.2 (0.96) 
4 Ar-(4-Nitrophenyl)phosphoric triamide 24.0 (0.5) 42.0 (0.30) 
5 4-ChIoro-A/-(diaminophosphinyl)benzamide 1.38 (0.08) 8.15 (0.15) 
6 Ar-(Diaminophosphinyl)benzeneacetamide 2.75 (0.13) 8.6 (0.38) 
7 7V-(Diaminophosphinyl)-3-pyridinecarboxamide 2.53 (0.20) 20.3 (0.65) 
8 N-(Diaminophosphinyl)benzamide 1.62 (0.16) 6.9 (0.14) 
''Value in parentheses indicates standard error. 
The overall dissociation constant (Ki*) for a one-step enzyme-inhibitor interaction (Scheme 1, 
mechanism A) is equal to the ratio of the rate constants for decay (k^^) and formation (k^^) of E I (i.e., 
Ki* = k^ffAon)- Experiments were therefore performed to estimate these rate constants. 
For estimation of the rate constants for decay of the E I* complexes (k^^^), progress-curve 
incubations were initiated by dilution of enzyme-inhibitor mixtures into THAM buffer containing urea, 
and the data obtained were fitted to Eq. (2). The k^pp estimated by Eq. (2) becomes equivalent to k^jj 
Inhibitor 
No. Name 
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when high dilution ratios and high substrate concentrations are used in such incubations (Morrison and 
Walsh, 1988). Fig. 6 shows examples of the progress curves obtained by dilution (8000/1) of mixtures of 
inhibitor and the plant (a) or microbial (b) urease into THAM buffer (pH 7.0) containing 250 mM urea. 
These curves show the slow recovery of urease activity inhibited by PPD and phosphoryl triamide (PTA). 
The progress curve data obtained with the other six phosphoroamides studied were almost identical to 
those shown in Fig. 6. They showed (Table 4) that although the decay rates of E I* varied markedly 
between the ureases, they were independent of the functional groups (R) substituted on the 
phosphorodiamide moiety [R-P(0)(NHg)g]. The estimates for reported in Table 4 were obtained by 
fitting the progress-curve data to Eq. (2). They show that the half-life of E I for the plant urease (tg g = 
6.4 h) was about 8 times that for the microbial urease (t^ g = 0.8 h). 
Table 4. Rate constants for decay of the enzyme Inhibitor complexes (E'l*) formed by interaction 
of the plant and microbial ureases with phosphoroamlde inhibitors (pH 7.0 THAM bufTer) 
Inhibitor Plant Microbial 
No. Name urease® urease® 
X W® s"^ 
1 Phenylphosphorodiamidate 3.0 (0.05) 24 (0.31) 
2 4-Chlorophenylphosphorodiamidate 3.1 (0.037) 24 (0.98) 
3 Phosphoryl triamide 3.0 (0.068) 23 (1.46) 
4 A'^-(4-Nltrophenyl)phosphoric triamide 3.0 (0.086) 24 (1.20) 
5 4-Chloro-Ar-(diaminophosphinyl)benzamide 2.8 (0.083) 24 (0.95) 
6 N-(Diaminophosphinyl)benzeneacetamide 2.9 (0.025) 25 (2.1) 
7 N-(Diaminophosphinyl)-3-pyridinecarboxamide 2.9 (0.077) 24 (1.5) 
8 Ar-(Diaminophosphinyl)ben2amide 2.9 (0.046) 23 (0.82) 
®Value in parentheses indicates standard error. 
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Fig. 6. Progress curves for the recovery of activity of the plant (a) or microbial (b) urease after preincubation with PPD or PTA. Quantitative 
conversion of urease enzyme into the tightly bound enzyme-inhibitor complex was obtained by preincubation (30 min, 30°C) of 400 nM 
PPD or PTA with 100 nM plant or microbial urease. Assays were initiated by adding aliquots (0.025 mL) of these mixtures to 200 mL 
THAM buffer (pH 7.0) containing 250 mM urea. Lines connecting data points are those predicted by fitting experimental data to Eg. (2) 
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Estimates of the rate constants for formation of E I* complexes (k^^) were obtained by the 
procedures described by Cha (1975) for one-step enzyme-inhibitor interactions (Scheme 1, mechanism A). 
In these procedures, enzyme-inhibitor mixtures were incubated for different tunes, and assays for residual 
enzyme activity were then initiated after addition of 100 mM urea. The data obtained with the enzyme 
assays showed linear increases in amounts of urea hydrolyzed during the time course of assays (R^ > 
0.98), indicating that no significant amounts of E I* formed during assay after the addition of urea. Fig. 7 
shows the data obtained for the time-dependent inhibition of the plant urease by different concentrations 
of PPD (a) and 4C1-PPD (b), and Fig. 8 shows the effect of increasing inhibitor concentration on the 
pseudo first-order rate constant (k^pp) for inactivation of urease. These data showed that the onset of 
inhibition of the urease by 4C1-PPD was considerably faster than that by PPD and that this difference 
accounted for the observation that 4C1-PPD had the higher affinity for the plant urease. 
Data similar to those reported in Fig. 7 were obtained for inhibition of the plant and microbial 
ureases by the eight phosphoroamides studied. Estimates of k^^ are reported in Table 5. They show that 
k^jj varied greatly with the different inhibitors and ureases. They also show that, with the exception of 
phosphoryl triamide (PTA), the rates of formation of E I* for the phosphoroamides studied were 
significantly faster with the microbial urease than with the plant urease. The range of values for k^^ 
obtained with the eight phosphoroamides studied (1.4 x 10® to 5.4 x 10® M"^s"^) was below the range of 
values (10® to 10® M'^s"^) that could be considered diffusion limited (Morrison and Walsh, 1988). This 
indicates that factors besides diffusion have a significant effect on formation of E I* complexes by urease-
phosphoroamide interactions. 
To determine the extent to which the inhibition of the plant urease by PPD followed mechanism 
A (Scheme 1), progress-curve incubations were performed using concentrations of PPD that were much 
higher than those used for the incubations shown in Fig. 4. The use of higher PPD concentrations in such 
incubations improved the ability to detect the involvement of the loosely bound E I complex associated 
with mechanism B (Scheme 1) and permitted the use of short-term incubations that satisfied the 
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Fig. 7. Time-dependent inactivation of the plant urease by different concentrations of PPD (a) and 4CI-PPD (b). Urease (05 nM) in THAM 
buffer (pH 7.0) was treated vnth 0,5,10, or 15 nM PPD or 4C1-PPD and incubated at 30°C for various times. Urease activity was then 
assayed after addition of 100 mM urea 
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Fig. 8. ElTects of 5, 10, and 15 nM PPD on the apparent rate constants (k^pp) for inactivation of the 
plant or microbial urease. Estimates of for inactivation of urease by PPD were calculated 
from the data presented in Fig. 7 by use of Eq. (8) 
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Tables. Rate constants (k^^) for formation of the enzyme-inhibitor complexes (EI ) formed by 
Interaction of the plant and microbial ureases with phosphoroamide inhibitors (pH 7.0 THÂM 
buffer) 
kon 
Inhibitor Plant Microbial 
No. Name urease® urease® 
xlO^M'V^ 
1 Phenylphosphorodiamidate 1.4 (0.048) 3.4 (0.43) 
2 4-Chlorophenylphosphorodiamidate 4.7 (0.048) 5.4 (0.96) 
3 Phosphoryl triamide 0.14 (0.0058) 0.069 (0.0048) 
4 A^-(4-Nitrophenyl)phosphoric triamide 0.014 (0.0032) 0.043 (0.0056) 
5 4-Chloro-iV-(diaminophosphinyl)benzamide 0.17 (0.025) 0.33 (0.035) 
6 iV-(Diaminophosphinyl)benzeneacetamide 0.15 (0.017) 0.29 (0.0038) 
7 Ar-(Diaminophosphinyl)-3-pyridinecarboxamide 0.13 (0.0048) 0.16 • (0.012) 
8 iV-(Diaminophosphinyl)benzamide 0.16 (0.0019) 0.38 (0.025) 
®Value in parentheses indicates standard error. 
conditions necessary for the use of Eq. (5) and Eq. (6), namely, that the dissociation of E I* was not 
signiHcant over the time course of incubation. Fig. 9 shows the progress-curve data obtained from 
incubations initiated by addition of the plant urease (15 nM) to THAM buffer (pH 7.0) containing 25 mM 
urea and concentrations of PPD that ranged from 0 to 20.3 /iM. Analysis of the progress-curve data by 
use of Eq. (2) indicated that there was no significant accumulation of the loosely bound E I complex 
associated with mechanism B because no significant changes in v^ were detected over the range of PPD 
concentrations used. Moreover, the relationship between the concentrations of PPD used and the 
estimates for were found to best conform to the equation for mechanism A (Eq. 5), as shown by the 
double reciprocal plot of lA^pp versus l/I with the predicted line passing through the origin (Fig. 10). 
The estimate of k^^ (1.25 x 10® M"^s"^) obtained by fitting the K^pp data to Eq. (5) was in good 
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Fig. 9. Progress curves for the onset of inhibition of the plant urease by different concentrations of 
PPD. Assays were initiated by addition of enzyme (15 nM) to THAM buffer (pH 7.0) containing 
0 (control), 4.0, 6.0, 9.0,13.5, or 20.3 /iM PPD and 25 mM urea. Lines connecting data points are 
those predicted by fitting experimental data to Eq. (2) 
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Fig. 10. Effects of 4, 6, 9,13.5, and 203 /iM PPD on the apparent rate constants (k ) for inactivation 
of the plant urease. Estimates of were obtained from analyses of the data reported m Fig. 9 
by use of Eq. (5) 
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agreement with the corresponding estimate reported in Table 5. Making the assumption that this 
experiment could reliably detect a minimum change in of 20 percent, it can be calculated by use of Eq. 
(3) and Eq. (6) that the minimum value of kg is about 2 s"^, which corresponds to a maâmum half-life for 
the E I complex of about 0.4 s. From these calculations, it is evident that the isomerization reaction for 
the interaction of PPD with the plant urease was very fast and that the interaction of PPD with the plant 
urease approaches that shown for mechanism A. For enzyme-inhibitor interactions conforming to 
mechanism A, the time-dependent formation of E I* is the result of the slow rate of initial interaction of 
inhibitor with the enzyme and is not due to slow isomerization of an E I complex. The slow initial 
interaction of PPD with the plant urease suggests that significant barriers are encountered for the correct 
alignment of PPD at the active site of the urease. 
It has been established that whereas jackbean urease has manmum activity in buffers with near 
neutral pH (Blakeley and Zerner, 1984), urease from the alkaliphilic bacterium Bacillus pasteurii has 
maximum activity in alkaline buffers (Larson and Kallio, 1954), It seems likely that the observed 
differences in affinity of the plant and microbial ureases for phosphoroamide inhibitors in a neutral (pH 
7.0) THAM buffer (Table 3) may, in part, be related to differences in the optimum pH for activity of 
these enzymes. To investigate this possibility, we studied the effect of buffer pH on the rate constants for 
formation (k^^) and decay (k^^^) of the ET* complex formed by interaction of PPD with the plant or 
microbial urease in THAM buffers (Fig. 11). These studies showed that whereas the rate of decay for the 
ET* complex associated with the microbial urease decreased markedly with increase in buffer pH from 
6.5 to 8.5, the corresponding decay rates associated with the plant urease increased significantly over this 
pH range. The measurements of k^^ at different pH showed that the rate of formation of E I* for the 
plant and microbial ureases varied over the range of pH used. The variations associated with k^^, 
however, were much smaller than those associated with k^^^ A comparison of the effects of pH on the 
Ki* (kgff/k^jj) of ET* complexes formed by the interaction of the plant and microbial ureases with PPD 
and on the relative activities of these ureases (Fig. 12) showed that as the relative activity of each urease 
decreased, the corresponding Ki* for the enzyme-inhibitor interaction generally increased. It also showed 
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Fig. 11. Influence of pH on the rate constants for formation (k^jj) and decay (k^ff) of the enzyme 
inhibitor complex (E'l*) formed between the plant or microbial urease and PPD 
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Fig. 12. Influence of pH on the dissociation constants (Ki ) for enzyme-inhibitor complexes formed 
be^een PPD and the plant or microbial urease and on the activities of each urease. Values for 
Ki were calculated from the data reported in Fig. 10, and relative activity is reported 
as percentage of the maximum enzymatic activity measured for each urease 
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that the values of Ki for interaction of PPD with the plant and microbial ureases converged at pH 8.5. It 
is evident, therefore, that buffer pH has a considerable influence on the strength of interaction of PPD 
with urease and that the effect of pH varied greatly with the sources of urease. 
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SUMMARY 
Enzyme kinetic studies of inhibition of plant (jackbean) and microbial {Bacillus pasteurii) ureases 
by eight phosphoroamides [phenylphosphorodiamidate, 4-chlorophenylphosphorodiamidate, phosphoric 
triamide, A/'-(diaminophosphinyl)benzamide, N-(diaminophosphinyl)benzeneacetamide, 4-chloroW-
(diaminophosphinyl)benzamide, A^-(4-nitrophenyl)phosphoric triamide, W-(diaminophosphinyl)-3-
pyridinecarboxamide] demonstrated that these compounds are slow-binding or slow, tight-binding 
inhibitors of urease enzymes. Measurement of the dissociation constants (Ki*) of the enzyme-inhibitor 
complexes (E I ) formed by interaction of the ureases and phosphoroamide inhibitors studied showed that 
these inhibitors had a much higher affinity (i.e., a lower Ki*) for plant urease than for microbial urease. 
Measurement of rate constants for formation (k^^) and decay (k^jj) of E I* showed that, whereas k^^ 
varied greatly with the different inhibitors and ureases, k^^j was constant for the phosphoroamides tested 
and had a characteristic value for each urease. The half-life of E I* (30°C; pH 7 THAM buffer) for the 
plant urease was much longer than that for the microbial urease, and this difference largely accounted for 
the much higher values of Ki (k^^yk^^) observed with microbial urease. Other work reported indicated 
that the phosphoroamides studied are slowly processed substrates of urease enzymes. 
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PART IV. EVALUATION OF 2.ETHYNYLPYRIDINE AS A SOIL NITRIFICATION INHIBITOR 
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INTRODUCTION 
Most of the fertilizer nitrogen (N) applied to soils is in the form of ammonium or ammonium-
producing compounds such as urea, and the nitrate formed through nitrification of this fertilizer N by soil 
microorganisms is susceptible to loss by leaching and denitrification and contributes to nitrate pollution of 
ground and surface waters. These adverse effects of ojddation of ammonium to nitrate by the nitrifying 
microorganisms in soil have stimulated research to find compounds that can be used as fertilizer 
amendments to retard nitrification of fertilizer N, and numerous compounds have been proposed for this 
purpose. Most of these compounds are not very effective, however, and only two compounds, nitrapyrin 
and etridiazole, have been registered for use in the United States. Nitrapyrin [2-chloro-6-(trichloro-
methyl)pyridine] was introduced by the Dow Chemical Company under the trade name of N-Serve, and 
etridiazole (5-ethoxy-3-trichloromethyl-l,2,4;thiadiazole) was introduced by the Clin Corporation under 
the trade name of Dwell. 
Recent work in our laboratory (McCarty and Bremner, 1986) showed that several acetylenic 
compounds inhibit oxidation of ammonium to nitrate in soil and that one of these compounds, 2-
ethynylpyridine, is a potent inhibitor of nitrification. The purpose of the work reported here was to 
further evaluate 2-ethynylpyridine as a soil nitrification inhibitor by comparing it with other compounds 
that have been patented or proposed as fertilizer amendments for inhibition of nitrification in soil, by 
studying the influence of soil temperature and form of nitrifiable fertilizer N on its effectiveness as a soil 
nitrification inhibitor, and by determining its effects on hydrolysis of urea and denitrification of nitrate in 
soil. 
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MATERIALS AND METHODS 
The soils used (Table 1) were surface (0 to 15 cm) samples of Iowa soils selected to obtain a 
range in pH (5.1-8.1), texture (9-60% sand, 12-49% silt, 20-42% clay), organic-carbon content (1.2-4.2%), 
and CaCOg equivalent (0-4.1%). Before use, each sample was air-dried and crushed to pass through a 2-
mm screen. In the analyses reported in Table 1, pH was determined with a glass electrode (soil:water 
ratio, 1:2.5), and total N was determined by a semimicro-Kjeldahl procedure (Bremner, 1965). Organic C 
was determined as described by Mebius (1960), and CaCOg equivalent was calculated from inorganic C 
determined as described by Bundy and Bremner (1972). Particle-size analysis was performed as described 
by Genrich and Bremner (1972). 
The effect of 2-ethynylpyridine on nitrification in soil was compared with the corresponding 
effects of 16 other compounds that have been patented or proposed as soil nitrification inhibitors. The 
names and sources of the nitrification inhibitors studied and references to the use of these inhibitors are 
listed in Table 2. 
Table 1. Analyses of soils used 
Soil 
Series Subgroup pH 
Organic 
C 
Total 
N Sand Silt Clay CCE® 
• gkg'^-— 
Okoboji Cumulic Haplaquoll 6.1 29 2.2 190 470 340 0 
Harps Typic Calciaquoll 7.7 42 5.0 90 490 420 41 
Webster Typic Haplaquoll 6.1 33 2.4 310 390 300 0 
Nicollet Aquic Haplaquoll 5.1 21 1.8 390 310 300 0 
Clarion Typic Haplaquoll 6.0 14 1.3 430 370 200 0 
Storden Typic Udorthent 8.1 12 0.5 600 120 280 15 
®CaCOg equivalent. 
Unless otherwise specified, the procedure used to determine the effects of the test compounds on 
nitrification in soil was as follows. Twenty-gram samples of soil were placed in 25 x 200 mm test tubes and 
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treated with 6 mL water containing 4 mg N as (NH^)gSO^ or urea and different amounts of the test 
compound. The test tubes were then placed unsealed in incubators maintained at 20, 25, or 30°C. The 
amount of water lost from the soil samples during incubation was measured gravimetrically at 5-day 
intervals and was replaced if it exceeded 1 mL. After 21, 28, or 42 days, triplicate test tubes were removed 
from the incubator and their contents were analyzed for NH^-N, NOj-N, and NOj-N as described by 
Bremner and Keeney (1966). The amount of (NOj + NOj)-N produced during incubation was calculated 
from the results of analyses for (NOj + NOp-N before and after incubation, and the percentage 
inhibition of nitrification by the test compound was calculated from (C-T)/C x 100, where T = amount of 
(NOg + NOp-N produced in the soil sample treated with the test compound, and C = amount of (NOj + 
NOp-N produced in the control (no test compound added). None of the incubated soil samples 
contained more than 1 /xg NOj-N g"^ of soil, and no could be detected after incubation at 20, 25, 
or 30°C for 21 days of the (NH^)gSO^- or urea-amended soil samples that had not been treated with a test 
compound. 
The procedure used to study the effect of 2-ethynylpyridine and other compounds on urea 
hydrolysis in soils was as follows. Five-gram samples of air-dried soil were placed in 65-mL glass bottles 
and treated with 2 mL water containing 10 mg urea and 0, 5, 50, or 250 /ig test compound. The bottles 
were stoppered and placed in an incubator at 20°C. After 7 days, triplicate bottles were removed from the 
incubator, and urea in the incubated soil samples was extracted with 2M KCl containing 5 ng mL"^ 
phenylmercuric acetate as described by Douglas and Bremner (1970) and determined by the colorimetric 
method described by Mulvaney and Bremner (1979). Percentage inhibition of urea hydrolysis by the test 
compound was calculated from (C-T)/C x 100, where T = amount of urea hydrolyzed in the soil sample 
treated with the test compound and C = amount of urea hydrolyzed in the control (no test compound 
added). 
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Table 2. Nitrification inliibitors studied 
Compound Source® References^ 
2-Ethynylpyridine F 1 
Etridiazole (Dwell) 0 2-5 
Nitrapyrin (N-Serve) D 6-9 
4-Amino-l,2,4-triazole (ATC) I 6,9 
2,4-Diamino-6-trichloromethyl triazine AM 6,9 
2-Amino-4-chloio-6-methylpyridine (AM) T 6,9 
Dicyandiamide (DCD) FS 6,9-11 
Guanylthiourea (ASU) FC 9 
Sulfathiazole (ST) S 6,9 
4-Mesylbenzotrichloride PN 12 
4-Nitrobenzo trichloride PN 12 
Potassium azide E 6,13,14 
N-2,5-Dichlorophenylsuccinamide (DCS) SU 15 
2-Mercaptobenzothiazole (MBT) A 6,9 
Sodium thiocarbonate E 4,16 
Thiourea (Tu) FS 8,11 
Ammonium thiosulfate (ATS) FS 17 
= Farchan Laboratories, Gainesville, FL; O = Olin Corporation, Little Rock, AR; D = Dow 
Chemical USA, Midland, MI; I = ICN Pharmaceuticals, Inc., Plainview, NY; AM = American 
Cyanamid Co., Princeton, NJ; T = Toyo Koatsu Industries, Japan; FS = Fisher Scientific Co., Fair Lawn, 
NJ; FC = Fairchild Chemical Co., Inc., BIythewood, SC; S = Sigma Chemical Co., St. Louis, MO; PN = 
E.I. du Pont de Nemours & Co., Wilmington, DE; E = Eastman Organic Chemicals, Rochester, NY; SU 
= Sumitomo Chemical Industries, Japan; A = Aldrich Chemical Co., Inc., Milwaukee, WI. 
^1: McCarty and Bremner (1986); 2: Malzer (1979); 3: Sommer (1972); 4: Rodgers et al. (1983); 
5: Varsa and Huber (1983); 6: Bundy and Bremner (1973); 7: Goring (1962a); 8: Goring (1962b); 9: 
Hauck (1972); 10: Reddy (1964); 11: Hauck (1984); 12: Heytler et al. (1984); 13: Hughes and Welch 
(1970); 14: Parr et al. (1971); 15: Hauck (1980); 16: Ashworth et al. (1977); 17; Goos (1985). 
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To study the effect of 2-ethynylpyridine on denitrification of nitrate in soil, 10-g samples of air-
dried soil were placed in 250-mL flasks fitted with standard taper (24/40) ground-glass joints and were 
treated with 5 mL H^O containing 3 mg N as KNOg and 0, 0.1, or 0.5 mg of test compound. Each flask 
was then sealed with a glass stopper fitted with a standard taper (24/40) ground-glass joint and a glass 
stopcock and was connected to a manifold system attached to an electronic manometer. The flasks were 
evacuated \da the stopcock and filled with helium (He) to slightly above atmospheric pressure, and this 
process was repeated three times. The flasks were then brought to atmospheric pressure with He and 
placed in an incubator at 30°C. The atmospheres in the flasks were subsequently sampled at intervals for 
determination of N^O, Nj, and Og by the GC-ultrasonic detector method described by Blackmer and 
Bremner (1977). Analyses of soil samples for nitrite were performed by the colorimetric method 
described by Bremner (1965b). Analyses for nitrate were performed as described by Bremner and Keeney 
(1966). 
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RESULTS AND DISCUSSION 
Comparison of the effects of 5 g"^ soil of 2-ethynylpyridine and 16 other proposed nitrification 
inhibitors on oxidation of ammonium in soil showed that the ability of 2-ethynylpyrïdine to inhibit 
nitrification in soils incubated at 25°C for 14 or 28 days compared favorably with that of nitrapyrin or 
etridiazole and was significantly greater than the corresponding ability of the other compounds tested 
(Table 3). The inhibitory effects of the five most effective nitrification inhibitors decreased in the order; 
2-ethynylpyridine > etridiazole > nitrapyrin or 4-amino-l,2,4-triazole > 2,4-diamino-6-trichloromethyl 
triazine. 
Table 4 shows the results of a comparison of the effects of different amounts of 2-ethynylpyridine, 
nitrapyrin, and etridiazole on nitrification in six soils. The data reported show that 2-ethynylpyridine was a 
more effective nitrification inhibitor than nitrapyrin or etridiazole at all rates of application studied and 
caused significant (17-84%, average 47%) inhibition of nitrification over 21 days when applied at rates as 
low as 0.1 /ig g'^ soil. Table 4 also shows that the ability of 2-ethynylpyridine to inhibit nitrification in soils 
and the corresponding abilities of nitrapyrin and etridiazole varied considerably with soil type and were 
greatest with the two soils having the lowest organic-matter contents (Clarion and Storden). 
A comparison of thé influence of soil temperature on the effectiveness of 2-ethynylpyridine, 
etridiazole, and nitrapyrin for inhibition of nitrification in soil showed that the inhibitory effects of these 
compounds on nitrification decreased with increase in soil temperature from 20 to 30°C, and that the 
decrease observed with nitrapyrin was much greater than that observed with 2-ethynylpyridine or 
etridiazole. Experiments to compare the effects of different amounts of 2-ethynylpyridine, nitrapyrin, and 
etridiazole on nitrification in soils treated with ammonium sulfate and urea showed that all three of these 
compounds were more effective for inhibiting nitrification of ammonium N than of urea N (Table 6). 
A study of the effect of leaching columns of soil treated with ammonium sulfate and nitrification 
inhibitors (Table 7) showed that, whereas the effectiveness of 2-ethynylpyridine, nitrapyrin, and 
etridiazole for inhibiting nitrification of ammonium was not significantly affected by leaching, the 
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Table 3. Effects of 5 fig g*  ^soil of different compounds on nitrification of ammonium in soil^  
SoU 
Harps Webster Storden Average 
Compound 14 d 28d 14 d 28d 14 d 28d 14 d 28 
___ Tnliihîf'îmi nf 
2-Ethynylpyridine 100 83 92 79 100 100 97 87 
Etridiazole (Dwell) 90 58 80 69 100 98 90 75 
Nitrapyrin (N-Serve) 79 45 75 55 100 96 85 65 
4-Amino-l,2,4-triazole 
(ATC) 
81 41 84 50 96 90 87 60 
2,4-Diamino-6-trichloro-
methyl triaane 
64 24 68 53 96 45 76 41 
2-Amino-4-chloro-6-
methyl pyridine (AM) 
43 14 48 34 90 63 60 37 
Dicyandiamide (DCD) 57 6 57 18 68 22 61 15 
Guanylthiourea (ASU) 53 9 38 31 57 35 49 25 
Sulfathiazole (ST) 30 8 65 24 62 18 52 17 
4-Mesylbenzotrichloride 47 2 54 7 71 11 57 7 
4-Nitrobenzotrichloride 24 2 36 4 58 12 39 6 
Potassium azide 5 0 57 2 61 3 41 2 
W-2,5-Dlclilorophenyl 
succinamide (IDCS) 
2 0 20 5 74 3 32 3 
2-Mercaptobenzothiazole 
(MET) 
4 0 5 0 0 0 3 0 
Sodium thiocarbonate 0 0 1 0 5 0 2 0 
Thiourea (Tu) 0 0 2 0 5 0 2 0 
Ammonium thiosulfate 
(ATS) 
0 0 0 0 0 0 0 0 
*20-g samples of soil were incubated at 2S°C for 14 or 28 d after treatment with 6 mL water 
containing 4 mg N as (NH^)gSO^ and 0 or 100 /ig of compound specified. 
•'LSD (0.05) = 7.1%. 
68 
Table 4. Effects of different amounts of 2-ethynylpyridine, nitrapyrin, and etridiazole on nitrification in 
soil® 
Soil 
Amount added Harps Okoboji Webster Nicollet Clarion Storden Average 
Inhibitor (/igg^^soil) 21 d 42 d 21 d 42 d 21 d 42 d 21 d 42 d 21 d 42 d 21 d 42 d 21 d 42 d 
2-Ethynyl-
pyridine 
Nitrapyrin 
(N-Serve) 
Etridiazole 
(Dwell) 
% Inhibition of nitrification^ 
0.1 44 3 41 7 46 9 17 14 50 31 84 12 47 13 
0.5 54 12 48 29 55 24 29 23 59 48 90 71 56 35 
1.0 61 30 61 45 62 33 48 33 70 57 95 84 66 47 
5.0 83 58 86 76 84 80 87 79 95 94 98 98 89 81 
10.0 91 63 92 84 97 86 98 80 100 95 100 97 96 84 
0.1 0 0 5 0 10 0 15 0 13 0 3 0 8 0 
0.5 18 0 11 2 22 20 24 10 40 17 79 14 32 11 
1.0 24 0 22 20 46 30 27 13 50 35 82 43 42 24 
5.0 71 21 47 39 68 55 56 49 72 62 93 82 68 51 
10.0 66 48 59 50 72 48 72 58 88 82 98 94 76 63 
0.1 27 0 20 3 16 5 • 14 10 19 13 76 15 29 8 
0.5 51 12 35 20 49 22 32 21 44 35 85 40 49 25 
1.0 62 22 50 31 56 32 42 31 57 39 89 45 59 33 
5.0 78 34 76 42 79 64 68 65 84 76 96 89 ,80 62 
10.0 83 60 86 77 90 66 91 77 95 84 99 96 91 77 
®20-g samples of soil were incubated at 25°C for 21 or 42 d after treatment with 6 mL water 
containing 4 mg N as (NH^)gSO^ and 0,2,10,20,100, or 200 fig of inhibitor specified. 
^LSD (0.05) = 5.9%. 
Table 5. Influence of soil temperature on effectiveness of nitrification inhibitors® 
Soil 
Harps Webster Storden Average Amount added 
Inhibitor (/igg'^soil) 20°C 25°C 30°C 20°C 25°C 30°C 20°C 25°C 30°C 25^C~B^C~3Ô^ 
2-Ethynyl-
pyridine 
Nitrapyrin 
Etridiazole 
% Inhibition of nitrification^ 
1.0 68 61 18 69 62 19 96 95 81 78 73 39 
5.0 89 83 72 90 84 73 97 97 96 92 88 80 
1.0 37 24 0 57 46 6 87 82 13 60 51 6 
5.0 71 68 42 76 72 34 97 95 83 81 78 53 
1.0 63 61 26 56 44 34 92 78 37 65 63 32 
5.0 80 78 72 79 71 64 96 94 93 85 81 76 
°20-g samples of soil were incubated at 20, 25, or 30°C for 21 days aiier treatment with 6 mL 
water containing 4 mg N as (NH^)gSO^ and 0,20, or 100 fig of inhibitor specified. 
^LSD (0.05) = 5.5%. 
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Table 6. Comparison of effects of 2-ethynylpyridine, nitrapyrin, and etridiazole on nitrification in soils 
treated with ammonium sulfate or urea^ 
Inhibitor 
Amount added 
soil) 
Form of N 
added'' Harps 
Soil 
Webster Storden 
% Inhibition of nitrification"^ 
2-Ethynylpyridine 1.0 A 57 74 96 
U 38 60 94 
5.0 A 87 94 98 
U 75 88 97 
Nitrapyrin 1.0 A 24 35 89 
(N-Serve) U 6 33 65 
5.0 A 76 83 95 
U 58 61 93 
Etridiazole 1.0 A 62 64 96 
(Dwell) U 40 63 93 
5.0 A 80 86 98 
U 60 82 96 
°20-g samples of soil were incubated at 25°C for 21 days after treatment with 6 mL water 
containing 4 mg N as ammonium sulfate or urea and 0,20, or 100 /xg of inhibitor specified. 
^A, ammonium sulfate; U, urea. 
"^LSD (0.5) = 6.1%. 
Table 7. Percentage inhibition of nitrification in soil samples incubated for 3 weeks after treatment with 
ammonium sulfate and different nitrification inhibitors and subsequent leaching with water^ 
Water Soil 
percolated 
Inhibitor (mm) Harps Webster Storden 
% Inhibition of nitrification 
2-Ethynylpyridine 0 88 91 96 
75 88 90 96 
Nitrapyrin 0 52 63 73 
(N-Serve) 75 66 68 85 
Etridiazole 0 78 81 85 
(Dwell) 75 86 88 95 
Dicyandiamide 0 40 43 47 
(DCD) 75 0 2 6 
^Columns containing 80-g samples of soil moistened to water tensions of 20 kPa were treated 
with 2 mL water containing 16 mg N as ammonium sulfate and 0 or 400 fig of inhibitor and were 
subsequently leached with the amount of water specified. The columns were then incubated at 25°C for 
21 days after readjustment of their water tensions to 20 kPa. 
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inhibitory effect of dicyandiamide (DCD) on nitrification was almost completely eliminated by leaching. 
It seems likely that the adverse effect of leaching on the ability of DCD to inhibit nitrification of 
ammonium in soil was due to removal of this compound by leaching from the zone containing ammonium 
because there is evidence that DCD is readily leached from soils (Amberger and Gutser,  1978; Bock et  
al, 1981). 
To assess the potential value of any compound for inhibition of nitrification in soil, it is important 
to have information concerning the effects of the compound on other transformations of nitrogen in soil. 
A comparison of the effects of 2-ethynylpyridine and two patented urease inhibitors, phenylphosphor-
diamidate (PPD) and N-(;j-butyl)thiophosphoric triamide (NBPT), on urea hydrolysis in soil showed that 
2-ethynylpyridine had no inhibitory effect on urea hydrolysis when applied at rates as high as ICQ /ig g'^ 
soil, whereas PPD and NBPT significantly retarded urea hydrolysis when applied at rates as low as 1 fig 
g'^ soil (Table 8). Also, studies of the effect of 2-ethynylpyridine on denitrification in soil showed that this 
substituted acetylene had no significant effect on reduction of nitrate to dinitrogen and nitrous oxide by 
the denitrifying microorganisms in soil when applied at the rate of 10 or 50 pg g"^ soil (Table 9). In 
contrast, unsubstituted acetylene (ethyne) has a very marked effect on production of dinitrogen and 
nitrous oxide through reduction of nitrate by denitrifying microorganisms because it blocks reduction of 
nitrous oxide to dinitrogen by these microorganisms (Yoshinari and Knowles, 1976). 
Recent work in our laboratory to assess the persistence of the inhibitory effects of 5 f ig  g'^ soil of 
2-ethynylpyridine, etridiazole, nitrapyrin, and 3-methylpyrazole-l-carboxamide on nitrification of 
ammonium in soils showed that the inhibitory effects of 2-ethynyIpyridine and etridiazole were 
considerably more persistent than those of nitrapyrin or 3-methylpyrazole-l-carboxamide and were 
significant even after incubation of inhibitor-treated soils at 20°C for 168 days (McCarty and Bremner, 
1989). Also, recent studies of the effects of 2-ethynylpyridine and other nitrification inhibitors on seed 
germination in soil showed that 2-ethynylpyridine had no adverse effect on germination of alfalfa, wheat, 
rye, barley, corn, oat, or sorghum seeds even when applied at the rate of 625 fig g"^ soil (Bremner and 
Krogmeier, 1989). 
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Table 8. Effects of different amounts of 2-ethynyIpyridine, phenylphosphorodiamidate (PPD), and A^-(n-
butyl) thiophosphoric triamide (NBPT) on hydrolysis of urea in soil" 
Amount added Soil 
Compound ()ugg"^soil) Harps Webster Storden 
% Inhibition of urea hydrolysis 
2-Ethynylpyridine 10 0 0 0 
100 0 5 6 
PPD 1 5 20 36 
10 22 32 48 
NBPT 1 51 41 75 
10 72 61 93 
^5-g samples of soil were incubated at 20°C for 7 d after treatment with 2 mL water containing 
10 mg as urea and 0,5,50, or 500 ng of compound specified. 
Table 9. Effect of 2-ethynyIpyridine on denitrification of nitrate in soil^ 
Amount of 
compound added N produced 
Soil (/igg'^soil) NO;-Nlost NO^-N N^O-N . 
•/igg"^ soil-
Harps 0 85 0 18 66 84 
10 83 0 19 63 82 
50 87 0 22 63 85 
Webster ' 0 75 0 52 24 76 
10 73 0 51 23 74 
50 74 0 54 23 74 
Storden 0 61 0 2 60 62 
10 63 0 3 60 63 
50 65 0 6 59 65 
^10-gram samples of soil were incubated at 30°C under He for 7 days after treatment with 5 mL 
water containing 3 mg nitrate-N as KNOg and 0,0.1, or 0.5 mg of 2-ethynylpyridine. 
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To summarize, the work reported supports the conclusion that 2-ethynylpyridine is one of the 
most promising compounds thus far proposed for inhibiting oxidation of ammonium by nitrifying 
microorganisms and deserves consideration as a fertilizer amendment for retarding nitrification of 
fertilizer N in soil. 
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SUMMARY 
Recent work in our laboratory showed that 2-ethynylpyridine is a potent inhibitor of nitrification 
in soil. To further evaluate compound as a soil nitrification inhibitor, we compared the effects of 2-
ethynylpyridine and 16 compounds patented or proposed as fertilizer amendments for inhibition of 
nitrification in soil on production of nitrite and nitrate in soils incubated under aerobic conditions at 20, 
25, or 30°C after treatment with ammonium sulfate or urea. The data obtained showed that 2-
ethynylpyridine compared favorably with nitrapyrin (N-Serve) and etridiazole (Dwell) for inhibition of 
nitrification in soil and was considerably more effective than the other nitrification inhibitors tested 
[dicyandiamide (DCD), thiourea (Tu), guanylthiourea (ASU), potassium azide, 4-amino-l,2,4-triazole 
(ATC), 2-imino-4-chloro-6-methylpyridine (AM), 2-mercapto-benzothiazoIe (MET), 2,4-diamino-6-
trichloromethyitriazine, sulfathiazole (ST), sodium thiocarbonate, A^-2,5-dichlorophenylsuccinamide 
(DCS), 4-nitrobenzotrichloride, 4-mesylbenzotrichloride, and ammonium thiosulfate]. Other studies 
showed that 2-ethynylpyridine is more effective for inhibiting nitrification of ammonium-N than of urea-
N, that it has very little, if any, effect on hydrolysis of urea or denitrification of nitrate in soil, and that its 
effectiveness as a soil nitrification inhibitor is markedly affected by soil temperature and soil type. These 
findings and other work discussed indicate that 2-ethynylpyridine deserves consideration as a fertilizer 
amendment for retarding nitrification of fertilizer N in soil. 
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PART V. EVALUATION OF 3-METHYLPYRAZOLE-l-CARBOXAMIDE AS A SOIL NITRIFICATION 
INHIBITOR 
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INTRODUCTION 
Concern about pollution of ground and surface waters by fertilizer-derived nitrate and losses of 
fertilizer nitrogen (N) by leaching and denitrification has stimulated research to fînd compounds that will 
reduce these problems by effectively inhibiting nitrification of fertilizer N in soil, and numerous 
compounds have been patented or proposed as fertilizer amendments for retarding nitrification of 
fertilizer N in soil. Most of these compounds are not very effective, however, and only two compounds, 
nitrapyrin and etridiazole, have been registered for use as nitrification inhibitors in the U.S A. Nitrapyrin 
[2-chloro-6-(trichloromethyl)-pyridine] has been marketed by the Dow Chemical Company under the 
trade name of N-Serve, and etridiazole (5-etho3ty-3-trichloromethyl-l,2,4-thiadiazole) has been marketed 
by the Olin Corporation under the trade name of Dwell. Recent work in our laboratory has shown that 2-
ethynylpyridine is a potent inhibitor of nitrification in soil and compares favorably with nitrapyrin and 
etridiazole as a soil nitrification inhibitor (McCarty and Bremner, 1986). 
Researchers in the German Democratic Republic (Walter et al., 1985) recently screened more 
than 25,000 compounds for inhibition of nitrification in soils and concluded that 3-methylpyrazole-l-
carboxamide (MPC) was the most promising of the compounds tested. They also reported extensive 
studies indicating that MPC is superior to nitrapyrin as a nitrification inhibitor (particularly with soils 
having a high organic-matter content) and "presents no hazards when used in farming practices". 
The purpose of the work reported here was to evaluate MPC as a soil nitrification inhibitor by 
comparing it with nitrapyrin, etridiazole, and 2-ethynylpyridine, by determining the effects of soil 
temperature and form of nitrifiable N on inhibition of nitrification by MPC, and by studying the effects of 
MPC on hydrolysis of urea and denitrification of nitrate in soil. 
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MATERIAL AND METHODS 
The soils used (Table 1) were surface (0 to 15 cm) samples of Iowa soils selected to obtain a 
range in pH (5.1-8.1), texture (9-60% sand, 12-49% silt, 20-42% clay), organic-matter content (1.2-4.2% 
organic C), and CaCOg equivalent (0-4.1%). Before use, each sample was air-dried and crushed to pass 
through a 2-mm screen. In the analyses reported in Table 1, pH was determined with a glass electrode 
(soil:water ratio, 1:2.5), and total N was determined by a semimicro-Kjeldahl procedure (Brcmner, 1965a). 
Organic C was determined as described by Mebius (1960), and CaCOg equivalent was calculated from 
inorganic C determined as described by Bundy and Bremner (1972). Particle-size analysis was performed 
as described by Genrich and Bremner (1972). 
Table 1. Analyses of soils used 
Soil Organic Total 
Series Subgroup pH C N Sand Silt Clay CCE®. 
% 
Okoboji Cumulic HaplaquoU 6.1 2.9 0.22 19 47 34 0 
Harps Typic Calciaquoll 7.7 4.2 0.50 9 49 42 4.1 
Webster Typic HaplaquoU 6.1 3.3 0.24 31 39 30 0 
Nicollet Aquic HaplaquoU 5.1 2.1 0.18 39 31 30 0 
Clarion Typic HaplaquoU 6.0 1.4 0.13 43 37 20 0 
Storden Typic Udorthent 8.1 1.2 0.05 60 12 28 1.5 
®CaCOg equivalent. 
3-Methylpyrazole-l-carboxamide (MPC) was obtained from K & K Laboratories, Plainview, NY. 
Its effects on nitrification in soil were compared with those of 2-ethynylpyridine, nitrapyrin, and 
etridiazole. 2-Ethynylpyridine was obtained from Farchan Laboratories, Gainesville, FL; nitrapyrin from 
Dow Chemical U.S A., Midland, MI; and etridiazole from Olin Corp., Little Rock, AR. Phenylphosphor-
odiamidate (PPD) was obtained from K & K Laboratories Division, ICN Pharmaceuticals, Plainview, 
NY, and N-(n-butyl) thiophosphoric triamide (NBPT) was obtained from Allied Corporation, Solvay, NY. 
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To determine the effects of the test compounds on nitrification in soil, 20-g samples of soil were 
placed in 25 X 200 mm test tubes and treated with 6 mL water containing 4 mg N as (NH^)gSO^ or urea 
and different amounts of the test compound. The test tubes were then placed unsealed in incubators 
maintained at 20, 25, or 30°C. The amount of water lost from the soil samples during incubation was 
measured gravimetrically at 5-day intervals and was replaced if it exceeded 1 mL. After 21,28, or 42 days, 
triplicate test tubes were removed from the incubator and their contents were analyzed for NH^-N, 
NOg-N, NOj-N as described by Bremner and Keeney (1966). The amount of (NOj + NOj)-N produced 
during incubation was calculated from the results of analyses for (NOj + NOj)-N before and after 
incubation, and the percentage inhibition of nitrification by the test compound was calculated from (C-
T)/C X 100, where T = amount of (NOj + NOp-N produced in the soil sample treated with the test 
compound, and C = amount of (NOj + NOj)-N produced in the control (no test compound added). 
None of the incubated soil samples contained more than 1 /ig NOj-N g"^ of soil, and no NH^-N could be 
detected after incubation at 20, 25, or 30°C for 21 days of the (NH^)2SO^- or urea-amended soil samples 
that had not been treated with a test compound. 
The effect of MPC on urea hydrolysis in soil was compared with the corresponding effects of two 
compounds found in previous work (Chai and Bremner, 1987) to be very effective for retarding urea 
hydrolysis in soil, namely phenylphosphorodiamidate (PPD) and A^-(«-butyl) thiophosphoric triamide 
(NBPT). The procedure used to study the effects of these compounds on urea hydrolysis in soil was as 
follows. Five-gram samples of air-dried soil were placed in 65-mL glass bottles and treated with 2 mL 
water containing 10 mg urea or with 2 mL water containing 10 mg urea and 0, 5, 50, or 250 fig of the test 
compound. The bottles were stoppered and placed in an incubator at 20°C. After 7 days, triplicate 
bottles were removed from the incubator, and urea in the incubated soil samples was extracted with 2M 
KCl containing 5 fig mL'^ phenylmercuric acetate as described by Douglas and Bremner (1970) and 
determined by the colorimetric method described by Mulvaney and Bremner (1979). Percentage 
inhibition of urea hydrolysis by the test compound was calculated from (C-T)/C x 100, where T = 
amount 
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of urea hydrolyzed in the soil sample treated with the test compound and C = amount of urea 
hydrolyzed in the control (no test compound added). 
To study the effect of MPC on denitrification of nitrate in soil, 10-g samples of air-dried soil were 
placed in 250-mL flasks fitted with standard taper (24/40) ground-glass joints and were treated wth 5 mL 
HgO containing 3 mg N as KNOg and 0, 0.1, or 0.5 mg of MPC. Each flask was then sealed with a glass 
stopper fitted with a standard taper (24/40) ground-glass joint and a glass stopcock and was connected to 
a manifold system attached to an electronic manometer. The flasks were evacuated via the stopcock and 
filled with helium (He) to slightly above atmospheric pressure, and this process was repeated three times. 
The flasks were then brought to atmospheric pressure with He and placed in an incubator at 30°C. The 
atmospheres in the flasks were subsequently sampled at intervals for determination of NjO, Nj, and Oj 
by the GC-ultrasonic detector method described by Blackmer and Bremner (1977). Analyses of soil 
samples for nitrite were performed by the colorimetric method described by Bremner (1965b). Analyses 
for nitrate were performed as described by Bremner and Keeney (1966). 
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RESULTS AND DISCUSSION 
Table 2 shows the effects of different amounts of MPC, 2-ethynylpyridine, etridiazole, and 
nitrapyrin on nitrification of ammonium in soils incubated at 25°C for 21 days, and Table 3 shows the 
corresponding effects after 42 days. The data reported show that, although the inhibitory effect of MPC 
on nitrification at 2S°C increased with the amount of MPC added, the inhibitory effect of as little as 1 ng 
MPC g"^ soil was marked (32-87%, average 50%) after 21 days (Table 2) and significant (12-49%, average 
23%) after 42 days (Table 3). They also show that the inhibitory effect of MPC on nitrification of 
ammonium in soils was comparable to that of nitrapyrin, but was not as great as the corresponding effects 
of 2-ethynylpyridine or etridiazole. Tables 2 and 3 also show that the ability of MPC to inhibit nitrification 
varied considerably with soil type and tended to decrease with increase in soil organic-matter content. 
Table 2. EfTects of difTerent amounts of B-methylpyrazole-l-carboxamide, 2-ethynylpyridine, nitrapyrin, 
and etridiazole on nitrification in soils (21 days, 25"C)° 
Inhibitor 
Amount added 
(/ig g"^ soil) Harps 
Soil 
Okoboji Webster Nicollet Clarion Storden Average 
3-Methylj)yrazole-l- 0.1 
carboxamide 
2-Ethynylpyridine 
Etridiazole 
Nitrapyrin 
• % Inhibition of nitrification^ • 
24 14 17 10 38 63 28 
0.5 47 35 48 27 58 84 50 
1.0 51 40 53 32 59 87 54 
5.0 52 48 54 46 65 92 60 
0.1 44 41 46 17 • 50 84 47 
0.5 54 48 55 29 59 90 56 
1.0 61 61 62 48 70 95 66 
5.0 83 86 84 87 95 98 89 
0.1 27 20 16 14 19 76 29 
0.5 51 35 49 32 44 85 49 
1.0 62 50 56 42 57 89 59 
5.0 78 76 79 68 84 96 80 
0.1 0 5 10 15 13 3 8 
0.5 18 11 22 24 40 79 32 
1.0 24 22 46 27 50 82 42 
5.0 71 47 68 56 72 93 68 
''Twenty-gram samples of soil were incubated at 25°C for 21 days after treatment with 6 mL 
water containing 4 mg N as ammonium sulfate and 0,2,10,20, or 100 ng of inhibitor specified. 
''LSD (0.05) = 6.5%. 
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Table 3. Effects of different amounts of 3-methylpyrazoIe-l-carboxamide, 2-ethynylpyridine, nitrapyrin, 
and etridiazole on nitrification in soils (42 days, 25°C)  ^
Inhibitor 
Amount added 
(fig g"^ soil) Harps 
Soil 
Okoboji Webster Nicollet Clarion Storden Average 
3-Methyli)yrazole-l- 0.1 
carboxamide 
2-Ethynylpyridine 
Etridiazole 
Nitrapyrin 
' % Inhibition of nitrification^ • 
0 0 0 5 0 12 3 
0.5 2 7 7 10 11 35 12 
1.0 27 15 22 12 13 49 23 
5.0 29 40 41 35 57 76 46 
0.1 3 7 9 14 31 12 13 
0.5 12 29 24 23 48 71 35 
1.0 30 45 33 33 57 84 47 
5.0 58 76 80 79 94 98 81 
0.1 0 3 5 10 13 15 8 
0.5 12 20 22 21 35 40 25 
1.0 22 31 32 31 39 45 33 
5.0 34 42 64 65 76 89 62 
0.1 0 0 0 0 0 0 0 
0.5 0 2 20 10 17 14 11 
1.0 0 20 30 13 35 43 • 24 
5.0 21 39 55 49 62 82 51 
"Twenty-gram samples of soil were incubated at 25°C for 42 days after treatment with 6 mL 
water containing 4 mg N as ammonium sulfate and 0,2,10,20, or 100 (ig of inhibitor specified. 
"LSD (0.05) = 6.5% 
A comparison of the influence of soil temperature on the effectiveness of MPC, nitrapyrin, 
etridiazole, and 2-ethynylpyridine for inhibition of nitrification in soil (Table 4) showed that the inhibitory 
effects of these compounds on nitrification decreased with increase in soil temperature from 20 to 30°C, 
and that the decrease observed with MPC was greater than that observed with 2-ethynylpyridine, 
etridiazole, or nitrapyrin. Experiments to compare the effects of different amounts of MPC on 
nitrification in soils treated with ammonium sulfate and urea showed that MPC was more effective for 
inhibiting nitrification of ammonium N than of urea N (Table 5). 
83 
Table 4. Influence of soil temperature on effectiveness of MPC and other nitrification inhibitors for 
Inhibition of nitrification of ammonium in soils  ^
Soil temperature (°C) 
Soil Inhibitor 20 25 30 
— % Inhibition of nitrification — 
Harps MFC 62 52 3 
Nitrapyrin 71 68 42 
Etridiazole 80 78 72 
2-Ethynylpyridine 89 81 72 
Webster MFC 83 73 6 
Nitrapyrin 76 72 34 
Etridiazole 79 71 64 
2-Ethynylpyridine 90 84 73 
Storden MFC 89 84 52 
Nitrapyrin 96 82 80 
Etridiazole 96 94 93 
2-Ethynylpyridine 97 96 91 
^Twenty-gram samples of soil were incubated at 20, 25, or 30°C for 28 days after treatment with 
6 mL water containing 4 mg N as ammonium sulfate and 0 or 100 /ig of inhibitor. 
Table 5. Effectiveness of MPC for inhibition of nitrification in soils treated with ammonium sulfate or 
urea" 
Amount of 
MPC added Form of N added 
Soil (^g g"^ soil) NHJ Urea 
— % Inhibition of nitrification — 
Harps 1.0 39 13 
5.0 45 35 
Webster 1.0 45 35 
5.0 67 47 
Storden 1.0 81 79 
5.0 86 83 
^Twenty-gram samples of soil were incubated at 25°C for 21 days after treatment with 6 mL 
water containing 4 mg N as ammonium sulfate or urea and 0,20, or 100 /fg of MFC. 
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Our findmgs concerning the effects of soil organic-matter content, soil temperature, and form of 
nitrifiable N on the ability of MPC to inhibit nitrification in soil are similar to the findings in previous 
studies of factors influencing the effectiveness of other compounds as soil nitrification inhibitors (Bundy 
and Bremnêr, 1973; Keeney, 1980; Slangen and Kerkhoff, 1984). 
A comparison of the effects of MPC, PPD, and NBPT on hydrolysis of urea in soil (Table 6) 
showed that MPC had very little, if any, inhibitory effect on urea hydrolysis even when applied at rates as 
high as SO fig g'^ soil, whereas PPD and NBPT markedly inhibited urea hydrolysis when applied at rates as 
low as 1 fig g"^ soil. A study to assess the effect of MPC on denitrification of nitrate in soil (Table 7) 
showed that this compound had no significant effect on reduction of nitrate by denitrifying 
microorganisms when applied at a rate of 10 or 50 fig g'^ soil. 
Table 6. Effects of diflerent amounts of MPC, PPD, and NBPT on hydrolysis of urea in soils^ 
Compound 
Amount added 
(Mgg'^ soil) Harps 
Soil 
Webster Storden 
% Inhibition of urea hydrolysis • 
MPC 
PPD 
NBPT 
10 
50 
1 
10 
1 
10 
0 
0 
5 
22 
51 
72 
0 
6 
20 
32 
41 
61 
0 
5 
36 
48 
75 
93 
"Five-gram samples of soil were incubated at 20°C for 7 days after treatment with 2 mL water 
containing 10 mg as urea and 0,5,50, or 250 ftg of compound specified. 
Recent work in our laboratory (McCarty and Bremner, 1989) to assess the persistence of the 
inhibitory effects of 5 fig g"^ soil of MPC, 2-ethynyIpyridine, etridiazole, and nitrapyrm on nitrification of 
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ammonium in soils showed that the inhibitory effects of MPC and nitrapyrin were not as persistent as 
those of 2-ethynylpyridine and etridiazole, but were significant after incubation of inhibitor-treated soils 
at 10°C for 168 days, at 20°C for 84 days, or at 30°C for 42 days. Also, recent studies in our laboratory of 
the effects of MFC and other nitrification inhibitors on seed germination in soil showed that MFC had no 
adverse effect on germination of alfalfa, wheat, rye, barley, corn, oat, or sorghum seeds even when 
applied at the rate of 625 /ig g"^ soil (Bremner and Krogmeier, 1989). 
Table 7. Effect of MPC on denitrlfication of nitrate in soil® 
Amount of 
MFC added N produced 
Soil (/igg-^soU) NO;-Nlost NOj-N N^O-N N~îj 
fig g-l soil 
Harps 0 75 0 20 55 75 
10 73 0 16 58 74 
50 72 0 11 63 74 
Webster 0 66 0 51 15 66 
10 67 0 51 16 67 
50 65 0 53 14 67 
Storden 0 53 0 4 49 53 
10 52 0 1 50 51 
50 - 50 0 1 50 51 
^en-gram samples of soil were incubated at 30°C under He for 7 days after treatment with 5 mL 
water containing 3 mg nitrate-N as KNOg and 0,0.1, or 0.5 mg of MPC. 
To summarize, the work reported supports the conclusion that MFC is one of the most 
promising compounds thus far proposed for inhibiting oxidation of ammonium by nitrifying micro­
organisms and merits consideration as a fertilizer amendment for retarding nitrification of fertilizer N in 
soil. 
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SUMMARY 
Laboratory studies to evaluate 3-methylpyrazole-l-carboxamide (MPC) as a soil nitrification 
inhibitor showed that it was comparable to nitrapyrin (N-Serve) for inhibiting nitrification of ammonium 
in soil, but was not as effective as etridiazole (Dwell) or 2-ethynylpyridine. They also showed that the 
effectiveness of MPC as a soil nitrification inhibitor is markedly affected by soil type and soil temperature, 
that MPC is more effective for inhibiting nitrification of ammonium-N than of urea-N, and that MPC has 
little, if any, effect on hydrolysis of urea or denitrification of nitrate in soil. These observations and other 
work discussed indicate that MPC is one of the most promising compounds proposed for inhibition of 
nitrification in soil. 
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PART VI. LABORATORY EVALUATION OF DICYANDIAMIDE AS A SOIL NITRIFICATION 
INHIBITOR 
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INTRODUCTION 
Most of the fertilizer nitrogen (N) applied to soils is in the form of ammonium- or ammonium-
producing compounds, and this nitrogen is usually oxidized quite rapidly to nitrate by the nitrifying 
microorganisms in soils. The nitrate thus produced is susceptible to loss by leaching and by 
denitriHcation, and there is international concern about pollution of ground and surface waters by 
fertilizer-derived nitrate. This concern has stimulated research to find compounds that will effectively 
inhibit nitrification of fertilizer nitrogen when applied to soils in conjunction with nitrogen fertilizers, and 
numerous compounds have been patented or proposed for this purpose (Hauck, 1980; Slangen and 
Kerkhoff, 1984; Hauck, 1985). But most of these compounds are not very effective as soil nitrification 
inhibitors, and only nitrapyrin, etridiazole, and dicyandiamide have received significant attention. 
Nitrapyrin [2-chloro-6-(trichloromethyl)-pyridine] and etridiazole (5-ethoxy-3-trichloromethyl-l,2,4-
thiadiazole) have been registered as soil nitrification inhibitors under the trade names of N-Serve and 
Dwell, respectively, and they are more effective than dicyandiamide (Bundy and Bremner, 1973; Slangen 
and Kerkhoff, 1984), which is commonly known as DCD. The cost of production of DCD, however, is 
lower than the corresponding cost for nitrapyrin or etridiazole, and DCD has the advantage that it 
completely decomposes in soil to COj and NH^ over several weeks and thereby acts as a high analysis 
(66.7% N), slow-release N fertilizer. Dicyandiamide also has the advantage that it is much less volatile 
than nitrapyrin or etridiazole and is more suitable for use with solid fertilizers. 
The purpose of the laboratory studies reported here was to obtain information needed for further 
evaluation of DCD as a soil nitrification inhibitor. The work reported included studies to compare DCD 
with other nitrification inhibitors, including two compounds recently shown to have significant promise as 
nitrification inhibitors [2-ethynylpyridine (McCarty and Bremner, 1986) and 3-methylpyrazole-l-
carboxamide (Walter et al., 1985)], studies of factors influencing the effectiveness of DCD as a soil 
nitrification inhibitor, and studies of the effects of DCD on urea hydrolysis, denitrification, and seed 
germination in soil. 
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MATERIALS AND METHODS 
The soils used (Table 1) were surface (0-15 cm) samples representative of the Harps, Webster, 
and Storden series used extensively for corn {Zea mays L.) and soybean [Glycine max (L.) Merr.] 
production in central Iowa. Before use, each sample was air-dried and crushed to pass through a 2-mm 
screen. In the analyses reported in Table 1, pH was determined with a glass electrode (soil:water ratio, 
1:2.5), and total N was determined by a semimicro-Kjeldahl procedure (Bremner, 1965). Organic C was 
determined as described by Mebius (1960), and CaCOg equivalent was calculated from inorganic C 
determined as described by Bundy and Bremner (1972). Particle-size analysis was performed as described 
by Genrich and Bremner (1972). 
Table 1. Analyses of soils used 
Soil Organic Total 
Series Subgroup pH C N Sand Silt Clay CCE® 
% 
Harps Typic Calciaquoll 7.7 6.6 0.50 10 48 42 4.1 
Webster Typic HaplaquoU 6.1 3.3 0.24 31 39 30 0.0 
Storden Typic Udorthent 8.1 0.5 0.05 59 13 28 1.5 
"CaCOg equivalent. 
Dicyandiamide (DCD) was obtained from Fisher Scientific, Itasca, IL. Its effects on nitrification 
in soils under various conditions were compared with those of other compounds that have been proposed 
for inhibition of nitrification in soil, including nitrapyrin [2-chloro-6-(trichloromethyl)-pyridine] and 
etridiazole (5-ethoxy-3-trichloromethyl-l,2,4-thiadiazole), which have been registered as soil nitrification 
inhibitors under the trade names of N-Serve and Dwell, respectively. Nitrapyrin was obtained from Dow 
Chemical U.SA., Midland, MI. Etridiazole was obtained from Olin Corp., Little Rock, AR. The other 
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nitrification inhibitors used were obtained from Aldrich Chemical Company, Inc., Milwaukee, WI or from 
Farchan Laboratories, Inc., Gainesville, FL. 
Unless otherwise specified, the procedure used to determine the effects of DCD and other 
compounds on nitrification in soil was as follows. Twenty-gram samples of soil were placed in 25 x 200 
mm test tubes and treated with 6 mL water containing 4 mg N as (NH^)gSO^ or urea and different 
amounts of the test compound. The test tubes were then placed unsealed in incubators maintained at 15, 
20, 25, or 30°C. The amount of water lost from the soil samples during incubation was measured 
gravimetrically at 5-day intervals and was replaced if it exceeded 1 mL. After 21 or 42 days, triplicate test 
tubes were removed from the incubator, and their contents were analyzed for NH^-N, NOj-N, and NOj-N 
as described by Bremner and Keeney (1966). The amount of (NOj + NO^-N produced during incubation 
was calculated from the results of analyses for (NOj + NO^-N before and after incubation, and the 
percentage inhibition of nitrification by the test compound was calculated from (C-T)/C x 100, where T = 
amount of (NOg + N02)-N produced in the soil sample treated with the test compound, and C = amount 
of (NOg + NOp-N produced in the control (no test compound added). None of the incubated soil 
samples contained more than 1 fig NOj-N g"^ soil, and no NH^-N could be detected after incubation at 
20, 25, or 30°C for 21 days of the (NH^)gSO^- or urea-amended soil samples that had not been treated 
with a test compound. 
The procedure used to study the effect of DCD on urea hydrolysis in soils was as follows. Five-
gram samples of air-dried soil were placed in 65-mL glass bottles and treated with 2 mL water containing 
10 mg of urea (control) or with 2 mL water containing 10 mg of urea and 5, 50,125, 250, or 500 fig of 
DCD. The bottles were then stoppered and placed in an incubator at 20°C, and after 7 days triplicate 
bottles were removed from the incubator and urea in the incubated soil samples was extracted with 2M 
KCl containing 5 ftg mL"^ phenylmercuric acetate as described by Douglas and Bremner (1970) and 
determined by the colorimetric method described by Mulvaney and Bremner (1979). Percentage 
inhibition of urea hydrolysis by the test compound was calculated from (C-T)/C x 100, where T 
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= amount of urea hydrolyzed in the soil sample treated with the test compound and C = amount of 
urea hydrolyzed in the control (no test compound added). 
To study the persistence of the inhibitory effect of DCD on nitrification in soils, 20-g samples of 
soil were preincubated at 10,20, or 30°C for 0,21,42,84,126, or 168 days in unsealed test tubes (25 x 200 
mm) after treatment with 5 mL water containing 0 or 1000 /ig of DCD (water lost from the soil samples 
was measured gravimetrically and replaced at 5-day intervals during incubation). The ability of the soil 
samples to nitrify ammonium was then assayed by measuring the amount of (NOg + NOp-N produced 
when the soil samples were incubated at 25°C for 21 days after treatment with 1 mL water containing 4 
mg N as ammonium sulfate. The amount of (NOj + NO^-N produced during incubation was calculated 
from the results of analyses for (NOg + NO^-N before and after incubation, and the percentage inhibition 
of nitrification by DCD was calculated from (C-T)/C x 100, where T = amount of (NOg + NOp-N 
produced in the soil sample treated with DCD, and C = amount of (NOj + NOp-N produced in the 
control (no DCD added). Soil samples were analyzed for NH]j["-N, NOj-N, and NOj-N as described by 
Bremner and Keeney (1966). No ammonium could be detected after incubation of the preincubated 
control samples (no DCD added) with 1 mL water containing 4 mg N as ammonium sulfate at 25°C for 
21 days. 
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RESULTS AND DISCUSSION 
Table 2 shows results obtained in a comparison of the effects of 5 /ig g"^ soil of DCD and other 
compounds proposed as soil nitriGcation inhibitors on nitrification of ammonium in soils at 25°C. The 
data reported show that, although DCD was considerably more effective than six of the compounds tested 
(potassium azide, Ar-2,5-dichIorophenyl succinamide, sodium thiocarbonate, thiourea, 2-mercaptobenzo-
thiazole, and ammonium thiosulfate), it was considerably less effective than 2-ethynylpyridine, etridiazole, 
nitrapyrin, 3-methylpyrazole-l-carboxamide, or 4-am!no-l,2,4-triazole. 
Table 3 shows data obtained in a comparison of the effects of different amounts of DCD, 
nitrapyrin, and etridiazole on nitrification of ammonium in soils incubated at 20 and 30°C for 21 and 42 
days. The data reported show that both nitrapyrin and etridiazole were much more effective than DCD 
for inhibition of nitrification in soils at 20 or 30°C. They also show that at 30°C the inhibitory effect on 
nitrification of 10 ng g'^ soil of etridiazole exceeded that of 100 /ig g"^ soil of dicyandiamide, and that the 
inhibitory effect of 10 pg g"^ soil of nitrapyrin exceeded that of 50 A»g g"^ soil of dicyandiamide. The data 
in Table 3 also confirm previous evidence that the effectiveness of DCD and other nitrification inhibitors 
for retarding nitrification of ammonium is markedly affected by soil type and temperature and decreases 
markedly with time (Bundy and Bremner, 1973). It is noteworthy that all of the nitrification inhibitors 
tested were considerably more effective with the Storden soil, which had a high sand content and a low 
organic-matter content, than with the Harps soil, which had a low sand content and a high organic-matter 
content. This is in harmony with Redd/s (1964) observation that DCD decomposed more rapidly in a 
sandy loam with a relatively high organic-matter content than in a sandy soil with a low organic-matter 
content. 
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Table 2. EfTects of 5 fig g"  ^soil of different compounds on nitrification of ammonium in soils'* 
SoU 
Compound Harps Webster Storden 
2-Ethynylpyridine 
Etridiazole 
(Dwell) 
Nitrapyrin 
(N-Serve) 
3-Methylpyrazole-l-
carboxamide (MPC) 
4-Amino-l,2,4-triazole (ATC) 
Dicyandiamide (DCD) 
Potassium azide 
A^-2,5-Dichlorophenyl-
succinamide (DCS) 
Sodium tiiiocarbonate 
Thiourea (TU) 
2-Mercaptobenzothiazole 
Ammonium thiosulfate 
79 
61 
45 
43 
41 
8 
0 
0 
0 
0 
0 
0 
% Inhibition of nitrification 
80 
70 
56 
53 
52 
20 
3 
2 
0 
0 
0 
0 
100 
97 
94 
93 
92 
41 
5 
5 
0 
0 
0 
0 
°20-g samples of soil were incubated at 25°C for 25 days after treatment with 6 mL water 
containing 4 mg N as ammonium sulfate and 0 or 100 fig of the compound specified. 
Bundy and Bremner (1973) found that DCD applied at the rate of 10 ng g"^ soil had a greater 
inhibitory effect on nitrification of ammonium in soils incubated at 15°C for 28 days than on soils 
incubated at 30°C for 14 days. Further evidence that soil temperature has an important influence on the 
effectiveness of DCD as a soil nitrification inhibitor is reported in Table 4, which shows data obtained in a 
comparison of the effects of 10 and 50 /ig g"^ soil of DCD on nitrification of ammonium in soils incubated 
at 15,20,25, and 30°C for 28 days. 
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Table 3. Effects of different amounts of dicyandiamide, nitrapjnrin, and etridiazole on nitrification of 
ammonium in soiis at 20 and 30^C  ^
Soil 
Amount added temperature 
Inhibitor ( /ig g'^ soil) (°C) 
Soil 
Harps Webster Storden 
21 days 42 days 21 days 42 days 21 days 42 days 
Dicyandiamide 
(DCD) 
Nitrapyrm 
(N-Serve) 
Etridiazole 
(Dwell) 
' % Inhibition of nitrification • 
1 20 22 0 26 0 62 38 
10 20 73 38 82 54 85 70 
50 20 87 74 89 83 • 95 92 
100 20 89 84 95 92 100 96 
1 30 0 0 0 0 12 0 
10 30 24 0 31 3 36 6 
50 30 62 22 69 57 85 69 
100 30 75 40 80 79 88 83 
1 20 62 7 70 27 87 31 
10 20 84 68 91 79 96 94 
1 30 5 1 21 6 27 14 
10 30 67 23 73 68 93 69 
1 20 71 34 72 38 91 49 
10 20 90 79 94 89 98 93 
1 30 21 1 27 7 45 12 
10 30 77 55 95 85 95 88 
°20-g samples of soil were incubated at 20 or 30°C for 21 or 42 days after treatment with 6 mL 
water containing 4 mg N as ammonium sulfate and the amount of inhibitor specified. 
Previous work in our laboratory (Bundy and Bremner, 1973) indicated that DCD is more 
effective for inhibiting nitriHcation of ammonium-N than of urea-N. This conclusion is supported by 
Table 5, which shows data obtained in a comparison of the effects of different amounts of DCD on 
nitrification in soils incubated at 2S°C for 21 days after treatment with ammonium sulfate or urea. 
To evaluate any compound as a soil nitriOcation inhibitor, it is important to have information 
concerning its effect on hydrolysis of urea, denitrification of nitrate, and germination of seeds in soil and 
its susceptibility to leaching by water. Recent work in our laboratory (Bremner and Yeomans, 1986) to 
determine the effects of 28 nitrification inhibitors on denitrification of nitrate in soil showed that DCD 
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Table 4. Influence of soil temperature on effectiveness of dicyandiamide (DCD) for inhibition of 
nitrification of ammonium in soils" 
Amount of 
DCD added Soil temperature (°C) 
Soil (Aigg soil) 15 20 25 30 
Harps 10 72 60 48 19 
50 83 82 72 49 
Webster 10 78 65 51 25 
50 85 84 73 62 
Storden 10 90 75 53 23 
50 97 94 89 81 
^-g samples of soil were incubated at 15,20, 25, or 30°C for 28 days after treatment with 6 mL 
water containing 4 mg N as ammonium sulfate and 0,0.2, or 1.0 mg of DCD. 
Table 5. Effectiveness of dicyandiamide (DCD) for inhibition of nitrification in soils treated with 
ammonium sulfate or urea" 
Amount of 
DCD added Form of N added 
Soil (/igg-^soil) Orëâ 
— % Inhibition of nitrification — 
Harps 10 50 25 
50 77 70 
Webster 10 61 40 
50 91 77 
Storden 10 57 40 
50 94 88 
°20-g samples of soil were incubated at 25°C for 21 days after treatment with 6 mL water 
containing 4 mg N as ammonium sulfate or urea and 0,0.2, or 1.0 mg of DCD. 
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applied at the rate of 10 or 50 /ig g'^ soil did not affect denltrifîcation of nitrate in soils under anaerobic 
conditions, but slightly increased the ratio of NjO to Ng in the gaseous products of denitrification. Also, 
recent work in our laboratory to determine the effects of 17 nitriHcation inhibitors on germination of 
wheat (Triticum aestivum L.), corn {Zea mays L.), and sorghum [Sorghum bicolor (L.) Moench] seeds in 
soil showed that DCD did not have an adverse effect on seed germination even when it was applied at the 
rate of 625 ng g"^ soil (Bremner and Krogmeier, 1989). 
There are conflicting reports in the literature concerning the effects of DCD on soil urease 
activity, because whereas Sommer and Rossig (1978) concluded that DCD retards hydrolysis of urea in 
soil, Amberger and Vilsmeier (1979a) found that DCD did not affect hydrolysis of urea by purified urease 
and slightly increased the rate of hydrolysis of urea in soil. We further investigated the influence of DCD 
on soil urease activity by studying the effect of different amounts of DCD on hydrolysis of urea in soil. 
The results (Table 6) showed that DCD has very little, if any, effect on the rate of urea hydrolysis in soil. 
Table 6. Effects of different amounts of dicyandiamide (DCD) on hydrolysis of urea in soils at 20^C^ 
Amount of DCD added Soil 
(lig g"^ soil) Harps Webster Storden 
% Inhibition of urea hydrolysis 
1 0 0 0 
10 0 0 0 
25 0 0 1 
50 0 0 1 
100 0 1 2 
"5-g samples of soil were incubated at 20°C for 7 days after treatment with 2 mL water 
containing 10 mg of urea and 0,5,50,125,250, or 500 ng of DCD. 
It has been demonstrated (Amberger and Vilsmeier, 1979b; Vilsmeier, 1980; Amberger, 1981) 
that DCD is decomposed to NHg and COj in soils with intermediate formation of guanylurea, guanidine 
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and urea. To determine if the inMbitory effect of DCD on nitrification may be partly due to formation of 
guanylurea and guanidine by DCD decomposition, we compared the effects of different amounts of DCD, 
guanylurea, and guanidine on nitrification of ammonium in soil. The results (Table 7) showed that 
guanylurea and guanidine have little, if any, effect on nitrification compared with DCD. 
Table 7. Comparison of effects of dScyandiamide, guataylurea, and guanidine on nitrification of 
ammonium in soils  ^
Amount added Soil 
Compound (/igg"^ soil) Harps Webster Storden 
— % Inhibition of nitrification — 
Dicyandiamide 10 28 47 50 
(DCD) 100 82 86 93 
Guanylurea 10 0 0 3 
100 0 5 16 
Guanidine 10 0 0 0 
100 0 1 3 
°20-g samples of soil were incubated at 30°C for 14 days after treatment with mL water 
containing 4 mg N as ammonium sulfate and 6,200, or 2000 /xg of compound specified. 
DCD is much more soluble in water than most compounds that have been proposed for 
inhibition of nitrification in soil, and there is evidence that it is readily leached from soUs (Amberger and 
Gutser, 1978; Bock et ai., 1981). Evidence that its effectiveness for inhibiting nitrification of ammonium 
in soil is limited by its susceptibility to leaching is reported in Table 8, which shows results obtained in a 
study of the effect of leaching columns of soil treated with ammonium sulfate and DCD, nitrapyrin, or 
etridiazole. The data in Table 8 show that, whereas the effectiveness of nitrapyrin and etridiazole for 
inhibiting nitrification of ammonium was not significantly affected by leaching, the inhibitory effect of 
DCD on nitrification was almost completely eliminated by leaching. 
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Table 8. Percentage inhibition of nitrification in soil samples incubated for 3 weeks after treatment with 
ammonium sulfate and different nitrification inhibitors and subsequent leaching with different 
amounts of water  ^
Inhibitor 
Amount added 
soil) 
Water percolated (mm) 
0 38 75 100 
% Inhibition of nitrification — 
Dicyandiamide 5 43 6 0 0 
(DCD) 
Nitrapyrin 1 35 45 46 44 
(N-Serve) 
Etridiazole 1 70 71 73 72 
(Dwell) 
^Columns containing 80 g Harps soil moistened with 24 mL of water were treated with 2 mL 
water containing 16 mg N as ammommn sulfate and 0, 80, or 400 of inhibitor and were subsequently 
leached with the amount of water specified. The columns were then incubated at 25°C for 21 days. 
Table 9 shows the effect of preincubating soils with DCD (50 /xg g"^ soil) at 10, 20, or 30°C for 
various times on their subsequent ability to nitrify added ammonium. The data reported show that the 
persistence of the inhibitory effect of DCD on nitrification decreased with increase in soil temperature 
from 10 to 30°C, but that the inhibitory effect of this compound was substantial even after incubation of 
DCD-treated soils at 20 or 30°C for 24 weeks. It should be noted, however, that these experiments did 
not permit the leaching of DCD that could occur under natural conditions. 
Table 9. Effect of preincubating soils with DCD (50 f ig  g'^  soil) at 10,20, or 30°C for different times on 
their subsequent ability to nitrify added ammonium 
Preincubation 
temperature Time after addition of DCD to soil (days) 
Soil m 0 21 42 84 126 168 
% Inhibition of nitrification (25°C, 21 days) 
Harps 10 83 81 79 77 75 73 
20 83 80 77 76 65 63 
30 83 80 76 69 63 53 
Storden 10 97 96 95 95 95 93 
20 97 93 91 89 86 85 
30 97 91 89 85 81 79 
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SUMMARY 
Laboratory studies to evaluate dicyandiamide (DCD) as a soil nitrification inhibitor showed that 
it is considerably more effective than several compounds that have been patented or proposed as fertilizer 
amendments for retarding nitrification of fertilizer nitrogen (N) in soil, but is considerably less effective 
than 2-ethynylpyridine, nitrapyrin (N-Serve), etridiazole (Dwell), 3-methylpyrazole-l-carboxamide (MPC), 
or 4-amino-l,2,4-triazole (ATC). Other findings in studies reported were as follows: a) DCD is more 
effective for inhibiting nitrification of ammonium-N than of urea-N; b) the effectiveness of DCD as a 
nitrification inhibitor is markedly affected by soil temperature and soil type and is limited by the 
susceptibility of DCD to leaching; c) DCD has very little, if any, effect on urea hydrolysis, denitrification, 
or seed germination in soil; d) products of DCD decomposition in soil (guanylurea and guanidine) have 
little, if any, effect on nitrification compared with DCD; e) in the absence of leaching, the persistence of 
the- inhibitory effect of DCD on nitrification decreases with increase in soil temperature from 10 to 30°C, 
but the inhibitory effect of 50 fig DCD g"^ soil is substantial even after incubation of DCD treated soils at 
20 or 30°C for 24 weeks. 
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PART VII. PERSISTENCE OF EFFECTS OF NITRIFICATION INHIBITORS ADDED TO SOILS 
105 
INTRODUCTION 
The fertilizer nitrogen (N) applied to soils is largely in the form of ammonium- or ammonium-
producing compounds and is usually oxidized quite rapidly to nitrate by the nitrifying microorganisms in 
soils. The nitrate thus produced can be lost by leaching and denitriGcation, and there is concern about 
loss of fertilizer N by these processes and pollution of ground and surface waters by fertilizer-derived 
nitrate. This concern has stimulated research to find compounds that will effectively inhibit nitrification of 
fertilizer N when applied to soils in conjunction with N fertilizers, and numerous compounds have been 
patented or proposed for this purpose (Goring and Laskowski, 1982; Hauck, 1984; Slangen and Kerkhoff, 
1984). 
Recent work in our laboratory to compare compounds proposed as soil nitrification inhibitors 
showed that 2-ethynylpyridine, etridiazole, nitrapyrin, and 3-methylpyrazole-l-carboxamide were the most 
effective of the compounds studied (McCarty and Bremner, 1986; Bremner et al, 1986; McCarty and 
Bremner, 1987). The purpose of the work reported here was to assess the persistence of the inhibitory 
effects of these four compounds on nitrification in soil. 
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MATERIALS AND METHODS 
The soils used (Table 1) were surface (0 to 15 cm) samples of two Iowa soils selected so that they 
differed markedly in texture and organic-matter content. Before use, each sample was air-dried and 
crushed to pass through a 2-mm screen. In the analyses reported in Table 1, pH was determined with a 
glass electrode (soil:water ratio, 1:2.5), and total N was determined by a semimicro-Kjeldahl procedure 
(Bremner, 1965). Organic C was determined as described by Mebius (1960), and CaCOg equivalent was 
calculated from inorganic C determined as described by Bundy and Bremner (1972). Particle-size analysis 
was performed as described by Genrich and Bremner (1972). 
Table 1. Analyses of soils used 
Soil Organic Total 
Series Subgroup pH C N Sand Silt Clay CCE® 
: % 
Harps Typic Calciaquoll 7.7 4.2 0.50 10 48 42 4.1 
Storden Typic Udorthent 8.1 1.2 0.07 59 13 28 1.5 
^CaCOg equivalent. 
2-Ethynylpyridine was obtained from Farchan Laboratories, Gainesville, FL, 3-methylpyrazole-l-
carboxamide from K & K Laboratories, Plainview, NY, nitrapyrin (2-chloro-6-trichloromethyl-pyridine) 
from Dow Chemical U.SA., Midland, MI, and etridiazole (5-ethoxy-3-trichloromethyl-l,2,4-thiadiazole) 
from Olin Corp., Little Rock, AR. Aqueous solutions of these compounds were prepared immediately 
before use, the compounds with low water solubility being brought into solution by use of a high-speed 
mixer. Nitrapyrin and etridiazole are registered as soil nitrification inhibitors under the trade names of N-
Serve and Dwell, respectively. 
To study the persistence of the effects of nitrapyrin, etridiazole, 2-ethynylpyridine, and 3-methyl-
pyrazole-l-carboxamide on nitrification in soils, 20-g samples of soil were preincubated at 10, 20, or 30°C 
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for 0, 21, 42, 84,126, or 168 days in unsealed test tubes (25 x 200 mm) after treatment with 5 mL water 
containing 0 or 100 /tg of the test compound (water lost from the soil samples was measured gravi-
metrically and replaced at 5-day intervals during incubation). The ability of the soil samples to nitrify 
ammonium was then assayed by measuring the amount of (NOj + NOj)-N produced when the soil 
samples were incubated at 25°C for 21 days after treatment with 1 mL water containing 4 mg N as 
ammonium sulfate. The amount of (NOj + NOp-N produced during incubation was calculated from the 
results of analyses for (NOj + NOp-N before and after incubation, and the percentage inhibition of 
nitrification by the test compound was calculated from (C-T)/C x 100, where T = amount of (NOj + 
NOp-N produced in the soil sample treated with the test compound, and C = amount of (NOj + NOj)-N 
produced in the control (no test compound added). Soil samples were analyzed for NH^-N, NOj-N, and 
NOj-N as described by Bremner and Keeney (1966). No ammonium could be detected after incubation 
of the preincubated control samples (no inhibitor added) with 1 mL water containing 4 mg N as 
ammonium sulfate at 25°C for 21 days. 
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RESULTS AND DISCUSSION 
Tables 2, 3, and 4 show the effects of preincubatlng soils with the four test compounds at 10, 20, 
or 30°C for various times on their subsequent ability to nitrify added ammonium. The data reported 
show that the persistence of the inhibitory effects of the four test compounds on nitrification decreased 
markedly with increase in soil temperature from 10 to 30°C. They also show that the inhibitory effects of 
2-ethynylpyridine and etridiazole on nitrification in soil were considerably more persistent than those of 
nitrapyrin or 3-methylpyrazole-l-carboxamide and were significant even after incubation of inhibitor-
treated soils at 20°C for 168 days. Comparison of the data in Tables 2 and 4 shows that the persistence of 
the effects of all four of the inhibitors studied was much greater at 10°C than at 30°C. For example, very 
marked (79-98%) inhibition of nitrifjing activity was observed after incubation of the Storden soil with 
the inhibitors for 126 days at 10°C, whereas no inhibition of nitrifying activity was observed after 
incubation of this soil with the inhibitors for 126 days at 30°C. 
Table 2. Effect of preincubating soils with nitrification inhibitors for different times at lO^C on their 
subsequent ability to nitrify added ammonium 
Time after addition of inhibitor to soil (days) 
Soil Inhibitor 0 21 42 84 126 168 
% Inhibition of nitrification (25°C, 21 days) 
Harps 2-Ethynylpyridine 91 89 . 88 85 81 77 
Nitrapyrin 75 74 73 68 61 52 
Etridiazole 80 77 73 73 73 72 
3-Methylpyrazole- 68 58 57 56 51 51 
1-carboxamide 
Storden 2-Ethynylpyridine 100 100 100 99 98 94 
Nitrapyrin 98 96 96 95 93 93 
Etridiazole 100 100 99 99 98 96 
3-Methylpyrazole- 92 89 86 83 79 77 
1-carboxamide 
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Table 3. EfTect of preincubating soils with nitrification inhibitors for diflerent times at 20^C on their 
subsequent ability to nitrify added ammonium 
Time after addition of inhibitor to soil (days) 
Soil Inhibitor . 0 21 42 84 126 168 
% Inhibition of nitrification (25°C, 21 days) 
Harps 2-Ethynylpyridine 91 88 85 79 70 53 
Nitrapyrin 75 72 69 66 25 7 
Etridiazole 80 76 74 71 69 66 
3-Methylpyrazole- 68 60 57 56 20 9 
l-carboxamide 
Storden 2-Ethynylpyridine 100 100 99 92 84 14 
Nitrapyrin 98 96 92 91 33 0 
Etridiazole 100 99 98 94 79 21 
3-Methylpyrazole- 92 83 81 80 22 0 
l-carboxamide 
Table 4. Effect of preincubating soils with nitrification Inhibitors for different times at 30°C on their 
subsequent ability to nitrify added ammonium 
Time after addition of inhibitor to soil (days) 
Soil Inhibitor 0 21 42 84 126 168 
% Inhibition of nitrification (25°C, 21 days) 
Harps 2-Ethynylpyridine 91 73 61 56 53 22 
Nitrapyrin 75 46 30 13 5 0 
Etridiazole 80 58 48 43 38 25 
3-Methylpyrazole- 68 43 27 10 3 0 
1-carboxamide 
Storden 2-Ethynylpyridine 100 99 89 8 0 0 
Nitrapyrin 98 97 73 0 0 0 
Etridiazole 100 97 76 12 0 0 
3-Methylpyrazole- 92 85 70 2 0 0 
1-carboxamide 
The experiments in which the inhibitor-treated soils were preincubated at 20 and 30°C before 
addition of ammonium (Tables 3 and 4) showed that, whereas the initial effects of the four inhibitors 
studied on nitrification were greater with the soil having the lower organic-matter content (Storden), the 
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persistence of the inhibitory effects (especially those observed with 2-ethynylpyridine and etridiazole) was 
greater with the soil having the higher organic-matter content (Harps). This suggests that soil organic-
matter content has a signiHcant effect on both the activity and the persistence of the inhibitors tested. 
This conclusion is supported by the findings in studies of the influence of soil organic-matter content on 
the activity, degradation, and volatility of nitrapyrin added to soils (for review, see Keeney, 1980) because 
these studies have shown that, although sorption of nitrapyrin by the organic-matter fraction of soils 
decreases the inhibitory effect of this compound on nitrification (Goring, 1962a,b; Redemann et al, 1964; 
Bundy and Bremner, 1973; Hendrickson and Keeney, 1979), it increases the half-life of nitrapyrin in soil 
by decreasing degradation and/or volatilization of this compound (Redemann et al., 1964; Guenzi and 
Beard, 1974; Briggs, 1975; Herlihy and Quirke, 1975; McCall and Swann, 1978). 
Rodgers and Ashworth (1982) found that the effect of nitrapyrin on nitrifying microorganisms in 
liquid cultures was largely bacteriostatic, and Powell and Prosser (1986) found that cultures of nitrifying 
microorganisms that had been treated with nitrapyrin regained their metabolic activity after an extended 
lag period. Also, Laskowski and Bidlack (1977) observed that soils treated with nitrapyrin recovered 
nitrifying activity without inoculation with nitrifying microorganisms. But Rodgers and Ashworth (1982) 
found that nitrapyrin had a greater bactericidal effect on nitrifying microorganisms in soil than on 
nitrifying microorganisms in liquid culture, which suggests that recovery of nitrifying activity in soils 
treated with nitrification inhibitors may be limited by the number of nitrifying microorganisms in 
inhibitor-treated soils. To test this possibility, we studied the effect of adding fresh soil to soils that had 
been préincubated with nitrapyrin, etridiazole, 2-ethynylpyridine, or 3-methylpyrazole-l-carboxamide at 
25°C for 42 days. The results (Table 5) showed that inoculation with fresh soil had no effect on the 
nitrifying activity of soils that had been preincubated with these inhibitors. This indicates that nitrification 
in the inhibitor-treated soils was not limited by the number of nitrifying microorganisms in these soils. 
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Table 5. Effect of inoculation with fresh soil on the inhibition of nitrification observed after addition of 
ammonium to soils preincubated with nitrification inhibitors at 25°C for 42 days'* 
Inhibitor 
SoU 
inoculum Harps 
Soil 
Storden 
% Inhibition of nitrification 
2-Ethynylpyridine - 71 90 
+ 73 89 
Nitrapyrin - 54 89 
+ 53 90 
Etridiazole 75 95 
+ . 73 94 
3-Methylpyrazole- - 42 76 
1-carboxamide + 43 75 
®20-g samples of Harps or Storden soil were incubated at 25°C for 42 days after treatment with 5 
mL water containing 0 or 100 fig of the inhibitor specified. The incubated soil samples were then treated 
with 0 or 0.4 g of fresh Harps or Storden soil and 1 mL water containing 4 mg N as ammonium sulfate, 
Incubated for 21 days at 25°C, and analyzed for NH+, NO", and NOj. 
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SUMMARY 
The persistence of the effects of four nitrification inhibitors (2-ethynylpyridine, nitrapyrin, 
etridiazole, 3-methylpyrazole-l-carboxamide) on nitrification in soil was assessed by measuring the ability 
of two soils to nitrify NH^ [added as (NH^)jSO^] after they had been treated with 5 ng inhibitor g"^ soil 
and incubated at 10, 20, or 30°C for 0, 21, 42, 84, 126, or 168 days. The soils used differed markedly in 
organic-matter content (1.2 and 4.2% organic C). The data obtained showed that the persistence of the 
effects of the inhibitors studied decreased markedly with increase in soil temperature from 10 to 30°C and 
that, whereas the initial inhibitory effects of the test compounds on nitrification were greatest with the soil 
having the lower organic-matter content, the persistence of their effects at 20 or 30°C was greatest with 
the soil having the higher organic-matter content. The inhibitory effects of 2-ethynylpyridine and 
etridiazole on nitrification were considerably more persistent than those of nitrapyrin or 3-methylpyrazole-
l-carboxamide and were significant even after incubation of inhibitor-treated soil at 20°C for 168 days. 
113 
REFERENCES 
Bremner, J. M., G. W. McCarty, and C. Gianello. 1986. Reduction of nitrate pollution of ground water 
by nitrogen fertilizers, pp. 467-481. In Agricultural Impacts on Ground Water. National Water 
Well Association, Dublin, OH. 
Bremner, J. M. 1965. Total nitrogen. In C. A. Black (ed.) Methods of soil analysis. Part 2. Agronomy 
9:1149-1178. American Society of Agronomy, Madison, WI. 
Bremner, J. M., and D. R. Keeney. 1966. Determination and isotope-ratio analysis of different forms of 
nitrogen in soils: 3. Exchangeable ammonium, nitrate, and nitrite by extraction-distillation 
methods. Soil S ci. Soc. Am. Proc. 30:577-582. 
Briggs, G. B. 1975. The behavior of the nitrification inhibitor "N-Serve" in broadcast and incorporated 
applications to soil. J. Sci. Food Agric. 26:1083-1092, 
Bundy, L. G., and J. M. Bremner. 1972. A simple titrimetric method for determination of inorganic 
carbon in soils. Soil Sci. Soc. Am. Proc. 36:273-275. 
Bundy, L. G., and J. M. Bremner. 1973. Inhibition of nitrification in soils. Soil Sci. Soc. Am. Proc. 
37(396-398. 
Genrich, D. A., and J. M. Bremner. 1972. A réévaluation of the ultrasonic-vibration method of 
dispersing soils. Soil Sci. Soc. Am. Proc. 36:944-947. 
Goring, C. A. I. 1962a. Control of nitrification by 2-chloro-6-(trichloromethyl)pyridine. Soil Sci. 93:211-
218. 
Goring, C. A. I. 1962b. Control of nitrification of ammonium fertilizers and urea by 2-chloro-6-(trichloro-
methyl)pyridine. Soil Sci. 93:431-439. 
Goring, C. A. I., and D. A. Laskowski. 1982. The effects of pesticides on nitrogen transformations in 
soils. In F. J. Stevenson (ed.) Nitrogen in agricultural soils. Agronomy 22:689-714. American 
Society of Agronomy, Madison, WI. 
Guenzi, W. D., and W. E. Beard. 1974, Volatilization of pesticides, pp. 107-131. In W. D. Guenzi (ed.) 
Pesticides in soil and water. American Society of Agronomy, Madison, WI. 
Hauck, R. D. 1984. Technological approaches to improving the efficiency of nitrogen fertilizer use by 
crop plants, pp. 551-560. In R. D. Hauck et al. (eds) Nitrogen in crop production. American 
Society of Agronomy, Madison, WI. 
Hendrickson, L. L, and D. R. Keeney. 1979. A bioassay to determine the effect of organic matter and 
pH on the effectiveness of nitrapyrin (N-Serve) as a nitrification inhibitor. Soil Biol. Biochem. 
11:51-55. 
Herlihy, M., and W. Quirke. 1975. The persistence of 2-chloro-6-(trichloromethyl)-pyridine in soil. 
Commun. Soil Sci. Plant Anal. 6:513-520. 
114 
Keeney, D. R. 1980. Factors affecting the persistence and bioactivity of nitrification inhibitors, pp. 33-
46. In M. Stelly et al. (eds) Nitrification inhibitors - potential and limitations. ASA Spec. Publ. 
38. American Society of Agronomy, Madison, WI. 
Laskowski, D. A., and H. D. Bidlack. 1977. Nitrification recovery in soil after inhibition by nitrapyrin. 
Down Earth 33(1):12-17. 
McCall, P. J., and R. L. Swann. 1978. Nitrapyrin volatility from soil. Down Earth 34(3):21-27. 
McCarty, G. W., and J. M. Bremner. 1986. Inhibition of nitrification in soil by acetylenic compounds. 
Soil Sci. Soc. Am. J. 50:1198-1201. 
McCarty, G. W., and J. M. Bremner. 1987. Evaluation of 3-methylpyrazole-l-carboxamide as a soil 
nitrification inhibitor. Agron. Abstr. American Society of Agronomy, Madison, p. 187. 
Mebius, L. J. 1960. A rapid method for determination of organic carbon in soil. Anal. Chim. Acta 
22:120-124. 
Powell, S. J., and J. I. Prosser. 1986. Inhibition of ammonium ondation by nitrapyrin in soil and in liquid 
culture. Appl. Environ. Microbiol. 52:782-787. 
Redemann, C. T., R. W. Meikle, and J. G. Widofsky. 1964. The loss of 2-chloro-6-(trichloromethyl)-
pyridine from soil. J. Agric. Food Chem. 12:207-209. 
Rodgers, G. A., and J. Ashworth. 1982. Bacteriostatic action of nitrification inhibitors. Can. J. 
Microbiol. 28:1093-1100. 
Slangen, J. H. G., and P. Kerkhoff. 1984. Nitrification inhibitors in agriculture and horticulture: A 
literature review. Fert. Res. 5:1-76. 
115 
PART VIII. INHIBITION OF NITRIFICATION IN SOIL BY HETEROCYCLIC NITROGEN 
COMPOUNDS 
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INTRODUCTION 
Most of the fertilizer niuogen (N) applied to soils is in the form of ammonium- or ammonium-
producing compounds such as urea, and this N is usually oxidized quite rapidly to nitrate by the nitrifying 
microorganisms in soils. The nitrate thus produced is susceptible to loss by leaching and denitrifîcation, 
and there is international concern about pollution of ground and surface waters by fertilizer-derived 
nitrate. This concern has stimulated research to find compounds that will effectively inhibit nitrification of 
fertilizer N when applied to soils in conjunction with N fertilizers, and numerous compounds have been 
patented or proposed for this purpose. 
A survey of the extensive literature on soil nitrification inhibitors [for reviews, see Hauck (1980, 
1984), Goring and Laskowski (1982), Slangen and Kerkhoff (1984), Oremland and Capone (1988)] showed 
that most of the potent inhibitors are heterocyclic N compounds [e.g., 2-chloro-6-(trichloromethyl)-
pyridine (nitrapyrin), 2-ethynylpyridine, 5-ethoxy-3-trichloromethyl-l,2,4-thiadiazole (etridiazole), 
4-amino-l,2,4-triazole (ATC), 3-methylpyrazole-l-carboxamide (MPC), 2,4-diammo-6-trichloromethyl-
triazine, and 2-amino-4-chloro-6-methylpyrimidine]. The purpose of the work reported here was to study 
the relationship between the structures of diverse heterocyclic N compounds and the effectiveness of these 
compounds for inhibition of nitrification in soil. 
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MATERIALS AND METHODS 
The soils used (Table 1) were surface (0-15 cm) samples of Iowa soils selected to obtain a range 
in pH (6.1-8.1), texture (9-60% sand, 12-49% silt, 28-42% clay), organic-carbon content (1.2-4.2%), and 
CaCOg equivalent (0-4.1%). Before use, each sample was air-dried and crushed to pass through a 2-mm 
screen. In the analyses reported in Table 1, pH was determined with a glass electrode (soil:water ratio, 
1:2.5), total N was determined by a semimicro-Kjeldahl procedure (Bremner, 1965), organic C was 
determined as described by Mebius (1960), CaCOg equivalent was calculated from inorganic C 
determined as described by Bundy and Bremner (1972), and particle-size analysis was performed as 
described by Genrich and Bremner (1972). 
Table 1. Analyses of soils used 
Soil Organic Total 
Series Subgroup pH C N Sand Silt Clay CCE® 
% 
Typic Calciaquoll 7.7 4.2 0.50 9 49 42 4.1 
TypicHaplaquoll 6.1 3.3 0.24 31 39 30 0 
Typic Udorthent 8.1 1.2 0.06 60 12 28 1.5 
®CaCOg equivalent. 
The names and sources of the 45 heterocyclic compounds studied are reported in Table 2. The 
chemical structures of these compounds are shown in Fig. 1. 
The procedure used to determine the effects of the test compounds on nitrification in soil was as 
follows. Twenty-gram samples of soil were placed in 25 x 200 mm test tubes and treated with 6 mL water 
containing 4 mg of N as (NH^)2SO^ and 0, 0.2,2.0, or 10.0 /xmol of test compound. The test tubes were 
then placed unsealed in an incubator maintained at 25°C. The amount of water lost from the soil samples 
during incubation was measured gravimetrically at 5-day intervals and was replaced if it exceeded 1 mL. 
Harps 
Webster 
Storden 
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Table 2. Names and sources of compounds studied 
Compound 
No. Name Source® 
1 Pyrazole A 
2 1,2,4-Triazole S 
3 Pyidazine A 
4 Benzotriazole S 
5 Indazole A 
6 Benzimidazole S 
7 Imidazole S 
8 Pyrrole S 
9 Pyrimidine A 
10 s-Triazine S 
11 Pyridine FS 
12 Indole S 
13 3-Metliylpyrazole-l-carboxamide IC 
14 3-Methylpyrazole A 
15 4-Methylpyrazole A 
16 4-Bromo-3-metliylpyrazole A 
17 3,5-Dimethylpyrazole A 
18 3,5-Dimethylpyrazole-l-carboxamide A 
19 3-Aminopyrazole A 
20- 3,5-Pyrazoledicarboxylic acid A 
21 4-Pyrazolecarboxlic acid A ' 
22 4-Metliyl-2-pyrazolin-5-one A 
23 3-Amino-l,2,4-triazole S 
24 3-Mercapto-l,2,4-triazole IC 
25 4-Amino-l,2,4-triazole A 
26 2-Chloro-6-(tricliloromethyl)pyridine D 
27 2-Ethynylpyridine F 
28 2-Vinylpyridine FL 
29 2-Chloropyridine S 
30 2,6-Dichloropyridine A 
31 3-Chloropyridine A 
32 6-Chloro-2-picoline A 
33 2-Picoline FL 
34 3-Picoline FL 
35 4-Picoline FL 
36 Picolinic acid A 
37 6-Chloropicolinic acid D 
38 2-Chloro-6-(trifluoromethyl)pyridine I 
39 5-Ethoxy-3-trichIoromethyl-l,2,4-thiadiazole O 
40 3,4-Dicliloro-l,2,5-tliiadiazole A 
41 5-Amino-l,3,4-tWadiazole-2-thiol A 
42 2,5-Dimercapto-l,3,4-thiadiazole A 
43 2,5-Dimethyl-l,3,4-thiadiazole A 
44 2-Amino-l,3,4-tliiadiazole A 
45 2-Amino-5-methyl-l,3,4-thiadiazole A 
®A = Aldrich Chemical Co., Inc., Milwaukee, WI; S = Sigma Chemical Co., St. Louis, MO; FS 
= Fisher ScientiHc Co., Fair Lawn, NJ; IC = ICN Pharmaceuticals, Inc., Plainview, NY; D = Dow 
Chemical USA, Midland, MI; F = Farchan Laboratories, Gainesville, FL; FL = Fluka Chemical Corp., 
Ronkonkoma, NY; I = Ishihara Sangyo Kaisha, Ltd., Japan; O = Olin Corporation, Little Rock, AR. 
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HOOC-
Fig. 1. Structures of compounds studied, 
compound number listed in Table 2 
Number in parentheses under each compound is the 
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After 21 days, triplicate test tubes were removed from the incubator, and their contents were analyzed for 
NH^-N, NOj-N, and NOj-N as described by Bremner and Keeney (1966). The amount of (NOj + NOp-N 
produced during incubation was calculated from the results of analyses for (NOj + NO')-N before and 
after incubation, and the percentage inhibition of nitrification by the test compound was calculated from 
(C-T)/C X 100, where T = amount of (NOj + NOp-N produced in the soil sample treated with the test 
compound and C = amount of (NOj + NOp-N produced in the control (no test compound added). None 
of the incubated soil samples contained more than 1 fig NOj-N g"^ of soil, and no NH^-N could be 
detected after incubation for 21 days of the (NH^)2S0^-amended soil samples that had not been treated 
with a test compound. 
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RESULTS AND DISCUSSION 
Comparison of the effects of 12 unsubstituted heterocyclic N compounds on nitrification of 
ammonium in soil (Table 3) showed that the compounds crntaining two or three adjacent ring N atoms 
(pyrazole, 1,2,4-triazole, pyridazine, benzotriazole, indazole) significantly inhibited nitrification in soil, 
whereas those containing two or three nonadjacent ring N atoms (pyrimidine, imidazole, s-triazine, 
benzimidazole) or only one ring N atom (pyrrole, pyridine, indole) had little or no effect on nitrification. 
Pyrazole, 1,2,4-triazole, and benzotriazole were the most effective soil nitrification inhibitors of the 12 
unsubstituted heterocyclic N compounds tested. 
Comparison of the effects of 11 pyrazoles on nitrification in soil (Table 4) showed that most of 
the compounds tested strongly inhibited nitrification, the exceptions being 4-pyrazolecarboxylic acid, 3,5-
pyrazoledjcarboxylic acid, and 4-methyl-2-pyrazolin-5-one. Researchers in the German Democratic 
Republic (Walter et al, 1985) recently screened more than 25,000 compounds for inhibition of ammonia 
oxidation in soil and concluded that 3-methylpyrazole-l-carboxamide (MPC) was the most promising of 
the compounds tested. However, Table 4 shows that substitution on the ring N of methylpyrazoles by 
carboxamide did not significantly increase their ability to inhibit nitrification in soil (compare the 
inhibitory effects of 3-methylpyrazole and 3-methylpyrazole-l-carboxamide and of 3,5-dimethylpyrazole 
and3,5-dimethylpyrazole-l-carboxamide). 
Several pyrazoles have been found to be potent inhibitors of alcohol dehydrogenase (ADH), and 
4-methylpyrazole has been proposed as a nontoxic agent for treatment of methanol poisoning (Blomstrand 
et ai, 1979). Table 4 shows that 4-methylpyrazole is also an effective inhibitor of ammonia oxidation in 
soil. It is noteworthy that, whereas Theorell et al. (1969) found that the ability of pyrazoles to inhibit 
ADH activity was greatly reduced by substitutions on their ring N, we found that similar substitutions had 
no significant effect on the ability of pyrazoles to inhibit oxidation of ammonia in soil (Table 4). 
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Table 3. EfTects of unsubstituted heterocyclic nitrogen compounds on nitrification of ammonium in soil 
Compound Amount added 
(/imol g"^ soil) 
Soil 
No. Name Harps Webster Storden 
% Inhibition of nitrification^ 
1 Pyrazole 0.01 23 27 31 
0.10 57 58 92 
0.50 94 97 99 
2 1,2,4-Triazole 0.01 4 49 53 
0.10 51 67 81 
0.50 55 72 85 
3 Pyridazine 0.01 0 1 13 
0.10 42 45 47 
0.50 61 64 76 
4 Benzotriazole 0.01 0 12 21 
0.10 35 55 81 
0.50 69 71 •• 90 
5 Indazole 0.01 0 3 5 
0.10 16 24 36 
0.50 38 41 86 
6 Benzimidazole 0.01 0 0 0 
0.10 0 0 5 
0.50 7 15 73 
7 Imidazole 0.01 2 0 0 
0.10 0 5 0 
0.50 2 6 4 
8 Pyrrole 0.01 6 0 0 
0.10 4 2 4 
0.50 1 2 3 
9 Pyrimidine 0.01 0 3 0 
0.10 0 8 3 
0.50 • 3 22 30 
10 s-Triazine 0.01 0 0 0 
0,10 0 0 0 
0.50 0 0 6 
11 Pyridine 0.01 0 1 2 
0.10 0 3 4 
0.50 3 13 14 
12 Indole 0.01 0 0 0 
0.10 1 2 5 
0.50 3 5 6 
®LSD(0.05) = 6.2. 
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Table 4. Effects of pyrazoles on nitrification of ammonium in soil 
Compound Amount added Soil 
No. Name (/xmol g*^ soil) Harps Webster Storden 
' % Inhibition of nitrification^ 
1 Pyrazole 0.01 23 27 31 
0.10 57 58 92 
0.50 94 97 99 
13 3-Metliylpyrazole- 0.01 33 34 77 
1-carboxamide 0.10 43 44 83 
0.50 76 77 93 
14 3-Methylpyrazole 0.01 38 43 73 
0.10 45 46 84 
0.50 84 76 93 
15 4-MethyIpyrazole 0.01 27 44 63 
0.10 55 57 92 
0.50 93 81 95 
16 4-Bromo-3-methyI- 0.01 ' 22 29 82 
pyrazole 0.10 48 64 89 
0.50 80 84 99 
17 3,5-Dimethylpyrazole 0.01 5 6 7 
0.10 53 61 92 
0.50 90 91 99 
18 3,5-Dimethylpyrazole 0.01 2 7 3 
-1-carboxamide 0.10 41 51 87 
0.50 88 79 99 
19 3-Aminopyrazole 0.01 0 0 2 
0.10 0 32 41 
0.50 18 75 84 
20 3,5-Pyrazoledicar- 0.01 0 0 0 
boxyllc add 0.10 0 0 0 
0.50 0 0 8 
21 4-Pyrazolecarboxlic 0.01 0 0 0 
add 0.10 0 0 7 
0.50 0 0 12 
22 4-MetIiyl-2-pyrazolin- 0.01 0 0 0 
5-one 0.10 0 0 3 
0.50 0 0 9 
^LSD(0.05) = 6.5. 
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Comparison of the effects of four 1,2,4-triazoles on nitrification in soil (Table 5) showed that all 
four of the compounds tested significantly inhibited nitrification of ammonium in soil, with 4-amino-l,2,4-
triazole (ATC) being the most potent inhibitor. Previous work in our laboratory showed that ATC was an 
effective soil nitrification inhibitor, but was not as effective as nitrapyrin (Bundy and Bremner, 1973). 
Table 5. Effects of 1,2,4-triazoles on nitrification of ammonium in soil 
Compound Amount added Soil 
No. Name (pmol g"^ soil) Harps Webster Storden 
% Inhibition of nitrification® 
2 1,2,4-Triazole 0.01 4 49 53 
0.10 44 67 81 
0.50 48 72 85 
23 3-Amino-l,2,4- 0.01 0 0 0 
triazole 0.10 0 14 26 
0.50 37 49 86 
24 3-Mercapto-l,2,4- 0.01 0 11 19 
triazole 0.10 38 55 77 
0.50 48 73 85 
25 4-Amino-l,2,4- 0.01 0 25 30 
triazole 0.10 73 71 94 
0.50 94 95 98 
®LSD(0.05) = 5.9. 
Tables 4 and 5 show that most of the substituted pyrazoles and 1,2,4-triazoles tested inhibited 
ammonia oxidation in soil. It seems likely that the inhibitory effects of these compounds on nitrification in 
soil are related to the adjacent ring N atoms in their structures because Table 3 shows that the 
corresponding unsubstituted compounds also inhibited ammonia oxidation in soil. 
Comparison of the effects of 14 pyridines on oxidation of ammonia in soil (Table 6) showed that 
2-ethynylpyridine and 2-chloro-6-(trichloromethyl)pyridine (nitrapyrin) were potent inhibitors of nitrifica­
tion in soil and were considerably more effective than the other 12 pyridines tested. Nitrapyrin is 
currently registered for use in the USA as a fertilizer amendment for inhibition of ammonia oxidation in 
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soil, and it is marketed under the trade name N-Serve. Previous work in our laboratory showed that 2-
ethynylpyridine was the most effective of 21 nongaseous acetylenic compounds that we evaluated for 
inhibition of nitrification in soil (McCarty and Bremner, 1986). 
Hyman and Wood (1985) recently demonstrated that acetylene (ethyne) inhibits ammonia 
monoo^^genase by a suicidal inactivation mechanism that involves formation of a covalent bond between 
ethyne and a protein that is presumably associated with the ammonia monooxygenase enzyme complex. 
Other workers had previously shown that ethyne and various substituted acetylenes are highly effective 
suicide inhibitors of other monooxygenase enzymes (e.g., cytochrome dopamine yS-hydroxylase) and 
that the mechanism of inhibition of monooxygenase enzymes by acetylenic compounds involves formation 
of a highly reactive unsaturated epoxide group through oxidation of the acetylenic group by these 
enzymes (White, 1978; Ortiz de Montellano and Kunze, 1980; Colombo and Villafranca, 1984). The 
general ability of acetylenic compounds to inhibit monooxygenase enzymes by suicidal inactivation 
suggests that substituted acetylenes such as 2-ethynylpyridine are also suicide substrates of ammonia 
monooxygenase. 
It is well established that there are many similarities between the physiologies of ammonia-
oxidizing autotrophs and methanotrophs (methane-oxidizing bacteria) and that oxidation of ammonia 
and/or methane by these microorganisms is susceptible to inhibition by many of the same compounds 
(see Oremland and Capone,1988; Bedard and Knowles, 1989). Compounds that have been shown to 
inhibit both ammonia oxidation and methane oxidation include nitrapyrin, a, a-dipyridyl, 8-hydroxy-
quinoline, thioureas, and acetylenic compounds. Other compounds, however, seem to have differential 
influences on ammonia and methane oxidation by methanotrophic and/or autotrophic nitrifying 
microorganisms (Salvas and Taylor, 1984; Topp and Knowles, 1984). For example, Salvas and Taylor 
(1984) found that, whereas picolinic acid strongly inhibited ammonia oxidation by methanotrophic 
bacteria, it had little or no effect on ammonia oxidation by autotrophic nitrifying bacteria, and they 
proposed that picolinic acid be used to distinguish between ammonia oxidation by autotrophic ammonia-
oxidizing bacteria and ammonia oxidation by methanotrophic bacteria. However, Table 6 shows that 
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Table 6. Effects of pyridines on nitrification of ammonium in soil 
Compound Amount added 
(^moig'^ soil) 
Soil 
No. Name Harps Webster Storden 
% Inhibition of nitrification® 
11 Pyridine 0.01 0 2 1 
0.10 0 3 4 
0.50 3 13 14 
26 2-Chloro-6-(trichloro- 0.01 45 59 92 
methyl)pyridme 0.10 84 85 94 
0.50 88 96 95 
27 2-Ethynylpyridine 0.01 63 68 98 
0.10 93 96 100 
0.50 99 99 100 
28 2-Vinylpyridine 0.01 2 4 13 
0.10 10 15 23 
0.50 58 62 97 
29 2-Chloropyridme 0.01 9 10 14 
0.10 29 34 68 
0.50 34 41 75 
30 2,6-Dicliloropyridine 0.01 3 6 8 
0.10 17 56 62 
0.50 36 63 82 
31 3-Chloropyridme 0.01 0 0 0 
0.10 0 1 2 
0.50 3 7 9 
32 6-Chloro-2-picoline 0.01 15 30 32 
0.10 30 59 68 
0.50 37 70 77 
33 2-Picoline 0.01 0 0 7 
0.10 0 1 11 
0.50 2 3 21 
34 3-PicoIine 0.01 0 0 9 
0.10 0 3 20 
0.50 10 13 29 
35 4-Picoline 0.01 0 0 13 
0.10 1 8 39 
0.50 3 10 94 
36 Picolinic acid 0.01 0 0 2 
0.10 0 0 3 
0.50 0 4 6 
37 6-Chloropicolmic acid 0.01 0 1 1 
0.10 0 2 1 
0.50 0 5 4 
38 2-Chloro-6-(trifluoro- 0.01 0 0 0 
methyl)pyridme 0.10 0 0 13 
0.50 0 17 32 
®LSD(0.05) = 6.6. 
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picolinic acid had no inhibitory effect on ammonia oxidation in soil, which suggests that this oxidation 
is largely due to autotrophic nitrifying microorganisms and not to methanotrophic microorganisms. 
Bedard and Knowles (1989) recently suggested that methanotrophs may play an important role in 
oxidation of ammonia in soil. 
Topp and Knowles (1984) found that 6-chloro-2-picoline inhibited methane oxidation by 
methanotrophic bacteria. They concluded from this finding that the inhibitory effect of 2-chloro-6-
(trichloromethyl)pyridine (nitrapyrin) on methane ojddation may be independent of the trichloromethyl 
group and that the mechanism by which nitrapyrin inhibits methane oxidation by methane-oxidizing 
(methanotrophic) bacteria may differ from the mechanism by which it inhibits ammonia oxidation by 
nitrifying bacteria. Also, Salvas and Taylor (1984) found that 6-chloro-2-picoline had no inhibitory effect 
on ammonia oxidation by cultures of nitrifying {Nitrosococcus oceanus and Nitrosomonas marina) or 
methanotrophic (Methylosinus trichosporium) bacteria when it was present in the culture media at a 
concentration of 10 /iM. In contrast, we found that 6-chloro-2-picoline inhibited ammonia ojddation by 
soil microorganisms at concentrations as low as 0.01 ^mol g"^ soil but that its inhibitory effect was 
significantly less than that of nitrapyrin (Table 6). 
There are divergent results reported in the literature concerning the effect of 6-chloropicolinic 
acid (a hydrolytic degradation product of nitrapyrin) on oxidation of ammonia to nitrite in cultures of 
chemoautotrophic nitrifiers (Salvas and Taylor, 1984; Powell and Prosser, 1985). Powell and Prosser 
(1985) found that, after an initial 8-h lag period, 6-chloropicolinic acid at a concentration of 2.17 pM 
inhibited nitrite production in both stationary-phase and exponentially growing cultures of Nitrosomonas 
europaea. In contrast, Salvas and Taylor (1984) found that 6-chloropicolinic acid at a concentration of 10 
fiM had no inhibitory effect on ammonia oxidation by cultures of nitrifying microorganisms (e.g., 
Nitrosococcus oceanus and Nitrosomonas marina). Moreover, Bremner et al. (1978) found that 6-
chloropicolinic acid had no effect on nitrification in soil when applied at rates as high as 20 fig g'^ soil. 
The experiments reported in Table 6 confirmed and extended this finding by showing that 6-
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chloropicolinic acid had no effect on oxidation of ammonia in soil even when applied at rates as high as 
0.5 nmol g"^ soil (79 jug g"^ soil). 
Several of the pyiidines tested were structurally similar to nitrapyrin [2-chloro-6-(trichloro-
methyl)pyridine] in that at least one of the C atoms adjacent to the ring N atom was Cl-substituted. Table 
6 shows that three of these compounds (2-chloropyridine, 2,6-dichloropyridine, 6-chloro-2-picoline) signif­
icantly inhibited ammonia oxidation in soil, whereas the compound containing a carboxyl group (6-chlo-
ropicolinic acid) had little, if any, effect on ammonia oxidation. The adverse influence of carboxyl group 
(COO") substitutions on the ability of heterocyclic N compounds to inhibit ammonia oxidation is also 
evident from Table 4, which shows that, whereas most of the pyrazoles tested were potent inhibitors of 
ammonia oxidation in soil, those with carboxyl substitutions (e.g., 4-pyrazolecarboxylic acid and 3,5-pyra-
zoledicarboxylic acid) did not significantly inhibit ammonia oxidation in soil. Previous work in our labora­
tory showed that acetylenes with carboxyl substitutions were the least effective of 25 substituted acetylenes 
tested as soil nitrification inhibitors (McCarty and Bremner, 1986). The influence of carboxyl substitu­
tions on the ability of acetylenes to inhibit ammonia oxidation may, at least in part, be related to the 
negative charge carried by the carboxyl group. Hyman et al. (1985) recently noted that all known organic 
substrates of ammonia monooxygenase are uncharged molecules and pointed out that this observation 
was consistent with work by Suzuki et al (1974) indicating that the substrate for ammonia monooxygen­
ase is ammonia rather than ammonium. If the suicidal inactivation mechanism is valid for substituted 
acetylenic nitrification inhibitors such as 2-ethynylpyridine, it would follow that only acetylenic com­
pounds that are good substrates of ammonia monooxygenase will be good suicide inhibitors of this 
enzyme. 
Six of the seven thiadiazoles tested significantly inhibited nitrification in soil, and two of them 
were potent inhibitors (Table 7). It is noteworthy that 3,4-dichloro-l,2,5-thiadiazole was as effective as 5-
ethoxy-3-trichloromethyl-l,2,4-thiadiazole (etridiazole) because the latter compound is the only chemical 
besides nitrapyrin that has been registered for use as a soil nitrification inhibitor in the USA (it is 
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Table 7. Effects of thiadiazoles on nitrification of ammonium in soil 
Compound Amount added Soil 
No. Name (jumol g"^ soil) Harps Webster Storden 
% Inhibition of nitrificatioiF 
39 5-Etho3gr-3-trichloro- 0.01 51 69 98 
methyl-l,2,4-thia- 0.10 83 91 99 
diazole 0.50 91 96 99 
40 3,4-Dichloro-l,2,5- 0.01 51 68 93 
thiadiazole 0.10 82 96 97 
0.50 93 98 98 
41 5-Amino-l,3,4-thia- 0.01 0 0 0 
diazole-2-thiol 0.10 0 0 23 
0.50 41 69 91 
42 2,5-Dimercapto-l,3,4- 0.01 0 2 10 
thiadiazole 0.10 39 62 84 
0.50 57 81 88 
43 2,5-Dimethyl-l,3,4- 0.01 0 0 25 
thiadiazole 0.10 0 35 65 
0.50 84 77 85 
44 2-Amino-l,3,4- 0.01 1 2 49 
thiadiazole 0.10 29 52 57 
0.50 86 88 93 
45 2-Amino-5-methyl- 0.01 0 0 0 
1,3,4-thiadiazole 0.10 0 0 0 
0.50 0 6 23 
^ LSD(0.05) = 5.9. 
marketed under the trade name Dwell). Comparison of the data in Tables 3-7 shows that, of the 45 
compounds tested, only 2-ethynylpyridine was more effective than these two thiadiazoles as soil nitrifica­
tion inhibitors. 
Several of the heterocyclic N compounds found to inhibit nitrification in soil are structurally 
similar in that they contain CI and/or trichloromethyl (CClg) groups substituted on C atom(s) adjacent to 
a ring N atom (e.g., nitrapyrin, etridiazole, 2-chloropyridine, 2,6-dichloropyridine, 6-chloro-2-picoline, and 
3,4-dichloro-l,3,4-thiadiazole), and other Cl-substituted heterocyclic N compounds that have been 
reported to inhibit nitrification in soil have this structural characteristic (Hauck, 1980). It is noteworthy 
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that, whereas 2-chloropyridine and 2-cbloro-6-picoline caused considerable inhibition of nitrification, 
pyridine and 3-chloropyridine had little or no inhibitory effect (Table 6). Substitutions on C atoms 
adjacent to the ring N of pyridine by strong electron-withdrawing groups such as CI have two major 
effects, one being that the CI atom(s) are activated for nucleophilic substitution, the other being that the 
pKa of the adjacent N atom is greatly lowered (Gilchrist, 1985). The importance, if any, of these effects 
on the ability of heterocyclic N compounds to inhibit ammonia oxidation is not known. 
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SUMMARY 
The relationship between the structures of diverse heterocyclic nitrogen (N) compounds and the 
effectiveness of these compounds for inhibition of nitrification in soil was studied by determining the 
effects of different amounts of 12 unsubstituted and 33 substituted heterocyclic N compounds on 
production of (NOj + NOg)-N in soils incubated at 25°C for 21 days after treatment with ammonium 
sulfate. The results showed that unsubstituted heterocyclic N compounds containing two adjacent ring N 
atoms inhibit nitrification in soil and that two of these compounds, pyrazole and 1,2,4-triazole, are potent 
inhibitors. They also showed that several substituted pyrazoles and thiadiazoles are good inhibitors of 
nitrification in soil (e.g., 3-methylpyrazole and 3,4-dichloro-l,2,5-thiadiazole). 
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GENERAL SUMMARY 
The growing importance of urea fertilizer in world agriculture has stimulated extensive research 
to find compounds that will retard hydrolysis of urea by soil urease (NHjCONHj + HgO > 2NHg + 
COj) and thereby reduce gaseous loss of urea fertilizer N as NHg and other problems resulting from the 
normally rapid hydrolysis of urea fertilizer by soil urease. Numerous compounds have been proposed for 
inhibition of soil urease activity, but the only compounds that have shown significant promise are 
phosphoroamides such as Ar-(/i-butyl) thiophosphoric triamide (NBPT) and thiophosphoryl triamide 
(TPTA). 
Studies to evaluate NBPT and TPTA as soil urease inhibitors showed that they are very poor 
inhibitors of plant or microbial urease and that their ability to inhibit urea hydrolysis by soil urease is due 
to their decomposition in soil with formation of compounds that are very potent urease inhibitors. Studies 
using ®^P-NMR and FT-IR to identify these decomposition products showed that NBPT decomposes in 
soil with formation of Ar-(/i-butyl)phosphoryl triamide and that TPTA decomposes with formation of 
phosphoryl triamide. 
Enorme kinetic studies of inhibition of plant (jackbean) and microbial {Bacillus pasteurii) ureases 
by eight phosphoroamides [phenylphosphorodiamidate, 4-chlorophenylphosphorodiamidate, phosphoric 
triamide, A^-(diaminophosphinyl)benzamide, N-(diaminophosphinyl)benzeneacetamide, 4-chloro-N-(di-
aminophosphinyl)benzamide, /V-(4-nitrophenyl)phosphoric triamide, A^-(diaminophosphinyl)-3-pyridine-
carboxamide] showed that these compounds are slow-binding or slow, tight-binding inhibitors of urease 
* 4 
enzymes. Measurement of the dissociation constants (Ki ) of the enzyme-inhibitor complexes (E I ) 
formed by interaction of the ureases and phosphoroamide inhibitors studied showed that these inhibitors 
had a much higher afiSnity for plant urease than for microbial urease. Measurement of rate constants for 
formation (k^^) and decay (k^^^) of ET* showed that, whereas k^^ varied greatly with the different 
inhibitors and ureases, k^^^ was constant for the phosphoroamides tested and had a characteristic value for 
each urease. The half-life of ET (30°C; pH 7 THAM buffer) for the plant urease was much longer than 
that for the microbial urease, and this difference largely accounted for the much higher values of Ki 
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observed with microbial urease. Other work reported indicated that the phosphoroamides 
studied are slowly processed substrates of urease enzymes. 
Most of the fertilizer N applied to soils is in the form of ammonium or ammonium-producing 
compounds such as urea, and this N is usually oxidized quite rapidly to nitrate by nitrifying 
microorganisms in soils. The nitrate thus produced is susceptible to loss by leaching and denitrification, 
and there is international concern about pollution of ground and surface waters by fertilizer-derived 
nitrate. This concern has stimulated research to find compounds that will effectively inhibit nitrification of 
fertilizer N when applied to soils in conjunction with N fertilizers, and numerous compounds have been 
patented or proposed for this purpose. 
Recent work in our laboratory showed that 2-ethynylpyridine is a potent inhibitor of nitrification 
in soil. To further evaluate this compound as a soil nitrification inhibitor, we compared the effects of 2-
ethynylpyridine and 16 compounds patented or proposed as fertilizer amendments for inhibition of 
nitrification in soil on production of nitrite and nitrate in soils incubated under aerobic conditions at 20, 
25, or 30°C after treatment with ammonium sulfate or urea. The data obtained showed that 2-
ethynylpyridine compared favorably with nitrapyrin (N-Serve) and etridiazole (Dwell) for inhibition of 
nitrification in soil and was considerably more effective than the other nitrification inhibitors tested 
[dicyandiamide (DCD), thiourea (Tu), guanylthiourea (ASU), potassium azide, 4-amino-l,2,4-triazole 
(ATC), 2-amino-4-chloro-6-methylpyridine (AM), 2-mercapto-benzothiazole (MET), 2,4-diamino-6-
trichloromethyltriazine, sulfathiazole (ST), sodium thiocarbonate, N-2,5-dichlorophenylsuccinamide 
(DCS), 4-nitrobenzotrichloride, 4-mesylbenzotrichloride, and ammonium thiosulfate]. Other studies 
showed that 2-ethynylpyridine is more effective for inhibiting nitrification of ammonium-N than of urea-N, 
that it has very little, if any, effect on hydrolysis of urea or denitrification of nitrate in soil, and that its 
effectiveness as a soil nitrification inhibitor is markedly affected by soil temperature and soil type. 
Studies to evaluate 3-methylpyrazole-l-carboxamide (MPC) as a soil nitrification inhibitor 
showed that it was comparable to nitrapyrin (N-Serve) for inhibiting nitrification of ammonium in soil, but 
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was not as effective as 2-ethynylpyridine or etridiazole (Dwell). Work reported also showed that the 
effectiveness of MPC as a soil nitrification inhibitor is markedly affected by soil type and soil temperature, 
that MPC is more effective for inhibiting nitrification of ammonium-N than of urea-N, and that MPC has 
little, if any, effect on hydrolysis of urea or denitrification of nitrate in soil. 
Studies to evaluate dicyandiamide (DCD) as a soil nitrification inhibitor showed that it is 
considerably more effective than several compounds that have been patented or proposed as fertilizer 
amendments for retarding nitrification of fertilizer nitrogen (N) in soil, but is considerably less effective 
than 2-ethynylpyridine, nitrapyrin (N-Serve), etridiazole (Dwell), 3-methylpyrazole-l-carboxamide (MPC), 
or 4-amino-l,2,4-triazole (ATC). Other findings in studies with DCD were as follows: a) DCD is more 
effective for inhibiting nitrification of ammonium-N than of urea-N; b) the effectiveness of DCD as a 
nitrification inhibitor is markedly affected by soil temperature and soil type and is limited by the 
susceptibility of DCD to leaching; c) DCD has very little, if any, effect on urea hydrolysis, denitrification, 
or seed germination in soil; d) products of DCD decomposition in soil (guanylurea and guanidine) have 
little, if any, effect on nitrification compared with DCD. 
The persistence of the effects of four nitrification inhibitors (2-ethynylpyridine, nitrapyrin, 
etridiazole, 3-methylpyrazole-l-carboxamide) on nitrification in soil was assessed by measuring the ability 
of two soils to nitrify NHj" [added as (NH^)gSO^] after they had been treated with 5 ng inhibitor g"^ soil 
and incubated at 10,20, or 30°C for 0, 21,42, 84,126, or 168 days. The soils used differed markedly in 
organic-matter content (1.2 and 4.2% organic C). The data obtained showed that the persistence of the 
effects of the inhibitors studied decreased markedly with increase in soil temperature from 10 to 30°C and 
that, whereas the initial inhibitory effects of the test compounds on nitrification were greatest with the soil 
having the lower organic-matter content, the persistence of the effects of these compounds at 20 or 30°C 
was greatest with the soil having the higher organic-matter content. The inhibitory effects of 2-
ethynylpyridine and etridiazole on nitrification were considerably more persistent than those of nitrapyrin 
or 3-methylpyrazole-l-carboxamide and were significant even after incubation of inhibitor-treated soils at 
20°C for 168 days. 
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The relationship between the structures of diverse heterocyclic nitrogen (N) compounds and their 
effectiveness for inhibition of nitrifîcation in soil was studied by determining the effects of different 
amounts of 12 unsubstituted and 33 substituted heterocyclic N compounds on production of (NOj + NO^-
N in soils incubated at 2S°C for 21 days after treatment with ammonium sulfate. The results showed that 
unsubstituted heterocyclic N compounds containing two adjacent ring N atoms inhibit nitrification in soil 
and that two of these compounds, pyrazole and 1,2,4-triazole, are potent inhibitors. They also showed that 
several substituted pyrazoles and thiadiazoles are good inhibitors of nitrification in soil (e.g., 3-
methylpyrazole and 3,4-dichloro-l,2,5-thiadiazole). 
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